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ABSTRACT 
Disinfection is a process where a significant percentage of pathogenic 
microorganisms are killed or controlled. However, an unintended consequence is the 
formation of disinfection by-products (DBPs) as a result of reaction between different 
precursors and oxidants. Due to their various health effects, the US Environmental 
Protection Agency (USEPA) has been imposing increasingly stringent regulations for 
DBPs under the Disinfectants/DBP Rule (D/DBPR). Although water utilities have been 
changing their use of disinfectants (e.g., chloramine, chlorine dioxide, and ozone) to reduce 
the formation of regulated THMs (trihalomethanes) and HAAs (haloacetic acids), these 
practices may also cause the formation of unregulated DBPs (more cytotoxic and genotoxic 
than regulated DBPs) such as NDMA (N-nitrosodimethylamine) and HNMs 
(halonitromethanes) which are observed during chloramination and ozonation-
chlorination, respectively. While NDMA is a probable human carcinogen at concentrations 
as low as 0.2 ng/L, HNMs are one of the most cyto- and geno-toxic classes among the 
emerging DBPs, with orders of magnitude higher cyto- and geno-toxicity than any of the 
regulated organic DBPs. Therefore, the best approach to control the formation of DBPs 
during water treatment is to maximize the removal of their precursors prior to oxidant 
addition. Although there are studies in the literature regarding the formation and control of 
DBPs during water treatment, these studies are limited to their own suite of experimental 
conditions. Therefore, this study was designed with two main foci: i) the control of NDMA 
and HNM precursors during nanofiltration and the effect of water chemistry on precursor 
control and ii) the formation and control of halogenated DBPs, especially brominated and 
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iodinated species of HAAs, I-THMs and HANs, examined under different water chemistry 
composition to gain insights to their formation and control. 
The initial experimental results showed that NDMA precursors leach from virgin 
membranes. Therefore, the first main objective of this research was divided into two sub-
objectives. The main goal of the first sub-objective was to investigate i) the potential 
leaching of NDMA precursors from different types of nanofiltration membranes and ii) 
membrane cleaning techniques using different types of background solutions to prevent the 
leaching. The results showed that, for three nanofiltration membranes, leaching of high 
levels of NDMA precursors (~180-450 ng/L) was observed. Leaching continued even after 
washing membranes with ~3900 L/m2 distilled deionized water. Among various cleaning 
techniques, washing the membrane with 1 mg/L Cl2 solution was found to be the most 
effective for reducing NDMA precursor leaching. 
In the second sub-objective of this research, the control of NDMA, HNM, and THM 
by selected nanofiltration membranes (NF) was examined. The aims of this objective were 
to investigate (i) the removal efficiencies of N-nitrosodimethylamine (NDMA), 
halonitromethane (HNM), and trihalomethane (THM) precursors by NF membranes from 
different source water types (i.e., surface water, wastewater impacted surface water, and 
municipal and industrial wastewater treatment effluents), (ii) the impact of membrane type, 
and (iii) the effects of background water components (i.e., pH, ionic strength, and Ca2+) on 
the removal of selected DBP precursors from different source waters. The results showed 
the overall precursor removal efficiencies were 57-83%, 48-87%, and 72-97% for NDMA, 
HNM, THM precursors, respectively. The removal of NDMA precursors decreased with 
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increases in average molecular weight cut-off and negative surface charge of NF 
membranes tested, while the removal of THM precursors was only slightly affected. Rising 
pH increased the removal of NDMA precursors, but did not affect the removal of THM 
and HNM precursors in municipal WWTP effluent. On the other hand, pH changes had 
little or no effect on DBP removal from industrial WWTP effluent. In addition, regardless 
of the membrane type or background water type/characteristics ionic strength did not show 
any impact on DBP precursor removals. Lastly, an increase in Ca2+ concentration enhanced 
the removal of NDMA precursors while a slight decrease and no effect was observed for 
THM and HNM precursors in municipal WWTP effluent, respectively.  
In the second main objective, first of all, the formation and speciation of THMs, 
HAAs, and HANs in the presence of different types of dissolved organic matter (DOM) 
under various drinking water treatment conditions (i.e., initial Br- and Cl2, pH, and contact 
time) were studied. Results showed that only Cl/Br-DBPs were formed, while I-DBPs were 
not detected due to the oxidation of I- to IO3-. The formation of total THMs and HAAs 
increased as the aromaticity of the waters increased whereas the formation of HANs was 
not affected by aromaticity of DOM. On the other hand, calculated bromine substitution 
factors (BSF) for all studied waters indicated that BSF was higher in treated water where 
mostly hydrophobic fraction of DOM was removed in conventional water treatment train. 
The formation of THMs and HANs increased with increasing initial Br- concentration. 
Increasing the initial Br- concentration did not affect the total formation of nine HAAs 
although the five regulated HAAs decreased. In addition, while increasing initial Cl2 
concentration enhanced the formation of THMs and HAAs, the formation of HANs initially 
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increased at initial chlorine concentrations ranging from 4 to 8 mg/L, and then decreased 
at high Cl2 concentration (i.e.,16 mg/L). Increasing initial chlorine concentration also 
affected the bromine substitution in DOM such that while BSF for HAAs and HANs 
decreased, BSF for THMs remained constant. When the pH increased from 6.0 to 9.0, the 
formation of THMs was enhanced while an opposite trend was observed for HAAs and 
HANs. The formation of DBPs increased with the increasing chlorination time (2 to 48 h) 
while the bromine substitution decreased due to debromination at longer contact times.  
Lastly, the formation and toxicity of DBPs during chloramination of bromide and 
iodide containing waters were studied. The results revealed that increasing DOC 
concentration increased the formation of I-THMs at a certain point after which the 
concentrations decreased. Among all species, iodoform was the most influenced by the 
change in DOC concentration. In addition, the formation of I-THMs was lower in high 
aromatic content water (SUVA254=5.1 L/mg/m) while it was higher in low aromatic content 
water (SUVA254=2.1 L/mg/m). While increasing the initial I- concentration gradually 
increased the formation of iodoform , no considerable change was observed for other I-
THM species; increasing bromide concentration from zero to 400 µg/L did not make any 
considerable impact on the formation of I-THMs. 
From the pratical point of view, the key findings of this research were i) virgin 
nanofiltration membranes have potential to leach NDMA precursors but their leaching 
potential can be minimized with low dose of chlorine exposure, ii) the performance of 
nanofiltration membranes was not significantly impacted by background water 
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characteristics while removing DBPs, which shows the succesful applicability of NF 
membranes for different water sources, iii) during oxidative water treatment, the presence 
of Br- and I- in source waters was shown to shift DBP speciation from chlorinated to 
brominated and iodinated species (under chloramination conditions), which are more cyto- 
and geno-toxic than their chlorinated analogues.  
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CHAPTER ONE 
INTRODUCTION 
The main goal of this study was to investigate the formation and control of selected 
unregulated disinfection by-products (DBPs) during water treatment. The application of 
disinfection for drinking water treatment is an essential practice for water utilities to protect 
public health. Two disinfectants, chlorine and chloramine, have been commonly used in 
the United States to lower the health risk from the pathogens in water. While providing 
hygienically safe potable water, one unintended consequence of chlorine and chloramine 
disinfection is the formation of regulated and unregulated DBPs. Since their first discovery 
in the early 1970s, DBPs have been the focus of drinking water regulations, research and 
water treatment plant operations. To date, more than 600 DBPs have been identified in 
drinking waters (Muellner et al., 2007). Due to their various health effects, the US 
Environmental Protection Agency (USEPA) has been imposing increasingly stringent 
regulations for DBPs under the Disinfectants/DBP Rule (D/DBPR)(USEPA, 1998). The 
Stage 2 D/DBPR requires water utilities to comply with maximum contaminant levels for 
trihalomethanes (THM4), haloaceticacids (HAA5), bromate and chlorite at 80 µg/L, 60 
µg/L, 10 µg/L and 1000 µg/L, respectively, as locational running annual averages in 
distribution systems (Table 1.1) (USEPA, 2006). As a result, water utilities have, in some 
cases, switched to alternative disinfectants (mainly chloramine) to reduce the formation of 
THMs and HAAs, which are the major DBPs of chlorination. Nevertheless, other 
unregulated DBPs such as NDMA (N-nitrosodimethylamine), I-THMs (iodinated 
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trihalomethnaes) , HNMs (halonitromethanes), and HANs (haloacetonitriles) have been 
observed during chloramination and ozonation-chlorination (Chen and Valentine, 2006; 
Hu, 2009; Jones et al., 2012b; Krasner et al., 2006; Mitch et al., 2003b; Nawrocki and 
Andrzejewski, 2011).  
Table 1.1. Regulated DBPs and Their Maximum Contaminant Levels 
DBP 
Class DBP Species Abbreviation Chemical Formula 
MCL 
(!g/L) 
THM4 
Chloroform TCM CHCl3 
80 Bromodichloromethane DCBM CHBrCl2 Dibromochloromethane DBCM CHBr2Cl 
Bromoform TBM CHBr3 
HAA5 
Monochloroacetic acid MCAA C2H3ClO2 
60 
Monobromoacetic acid MBAA C2H3BrO2 
Dichloroacetic acid DCAA C2H2Cl2O2 
Trichloroacetic acid TCAA C2HCl3O2 
Dibromoacetic acid DBAA C2H2Br2O2 
Bromate NA N.S. BrO3- 10 
Chlorite NA N.S. ClO2- 1000 
 
MCL: Maximum Contaminant Level. 
NA: Not Applicable. 
N.S.: Not Specified. 
 
The toxicity of halogenated DBPs (e.g. THMs, I-THMs, HANs, and HNMs) is 
enhanced by the substitution of bromine (HOBr) and iodine (HOI) in organic molecules, 
which greatly increases the toxicity of the compounds (Ramos et al., 2000). Among these 
DBPs, unregulated I-THMs have been predicted to be more toxic than the chlorinated and 
brominated THMs (Woo et al., 2002), which are currently regulated in the United States 
(USEPA, 2006). In addition, NDMA is reported as a potential human carcinogen at 
nanogram/L levels with a lifetime cancer risk of 10−6 and has been detected mainly in 
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distribution systems using chloramines (Russell et al., 2012). HNMs are considered one of 
the most cytotoxic and genotoxic classes among the emerging DBPs, and have orders of 
magnitude higher toxicity than the regulated THMs and HAAs (Plewa et al., 2004a). HANs 
have also been reported to be more toxic than HAAs and other regulated DBPs (Muellner 
et al., 2007). 
Due to the aforementioned health risks and regulatory requirements, nowadays, DBP 
control strategies are divided into three categories: i) removal of DBP precursors before 
oxidant addition, ii) modification and optimization of treatment and disinfection practices 
(i.e., disinfectant type, dose, reaction time, and pH), and iii) removal of DBPs after their 
formation. Among these, removal of DBP precursors and/or optimization of water 
treatment processes are the most feasible and commonly used to control the DBP formation 
within the treatment train as well as in the distribution system. Various physicochemical 
processes including enhanced coagulation, powdered and granular activated carbon 
adsorption, ion exchange, nanofiltration (NF) and reverse osmosis (RO) have been used to 
remove DBP precursors from water prior to oxidation with different disinfectants (Boyer 
and Singer, 2005; Krauss et al., 2010; Miyashita et al., 2009; Schmidt and Brauch, 2008; 
Singer and Bilyk, 2002; Snyder et al., 2007; Uyak et al., 2007; Zhao et al., 2013). In recent 
years, membrane treatment processes, including ultrafiltration (UF), nanofiltration (NF) 
and reverse osmosis (RO), have been becoming increasingly popular treatment technology 
that can remove small molecular weight DBP precursors effectively while also removing 
solids, particles, and pathogens. While the NF membranes have been commonly used in 
water and wastewater treatment facilities, RO membranes have been used in desalination 
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plants for producing water for potable use. RO systems shows the highest removal 
efficiencies for DBPs and their organic precursors (Mazloomi et al., 2009; Miyashita et al., 
2009; Snyder et al., 2007). However, permeate concentrations of inorganic DBP 
precursors, especially those of bromide (Br-) and iodide (I-), are still high because of their 
elevated initial concentrations in seawater ranging from 50,000 to 100,000 µg/L and 20 to 
60 µg/L, respectively. Despite the fact that the rejection of these precursors ions is typically 
>99% during seawater reverse osmosis (SWRO), the residual Br- and/or I- levels (i.e., 250-
600 µg/L and <4 µg/L for Br- and I-, respectively) in permeate can still be high enough for 
subsequent DBP formation especially when blending RO effluents with other treated 
source waters (typically containing ~60 µg/L  bromide and 0.5-20 µg/L iodide) (Agus et 
al., 2009; Duranceau, 2010). The practice may lead to formation of brominated and 
iodinated DBPs upon chlorination and chloramination, respectively, which are more 
cytotoxic and genotoxic than their chlorinated analogues (Krasner et al., 2006; Richardson 
et al., 2008). Although there is a vast amount of literature on the formation and control of 
regulated DBPs (i.e., THMs and HAAs), our knowledge of unregulated DBPs, their 
precursors and formation control is still limited. Therefore, this research will focus on the 
formation and control of selected unregulated DBPs during water treatment with two main 
themes. First, the control of NDMA and HNM precursors during nanofiltration and the 
effect of water chemistry on precursor control will be investigated. There is a need to 
improve our understanding of N-DBP precursors during water treatment given their health 
effects. Second, the formation and control of halogenated DBPs, especially brominated and 
iodinated species of HAAs, I-THMs and HANs, will be examined under different water 
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chemistry conditions to gain insights to their formation and control. Higher bromide levels 
have been observed in some fresh waters due to different anthropogenic sources (e.g., 
power plant discharges, industrial discharges, fracking operations), and increased use of 
reverse osmosis in sea water desalination as well as water reuse (Agus et al., 2009; Regli 
et al., 2015). While accomplishing these two objectives, THM, as one of the regulated 
DBPs, will be continuously monitored for comparison, as the ultimate solution to DBP 
challenges will require a collective approach to control both regulated and unregulated 
DBPs. Overall, the findings of the research will increase our knowledge about the 
formation and control of unregulated DBPs. 
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 CHAPTER TWO 
LITERATURE REVIEW 
Formation of Disinfection By-Products (DBPs) and Their Precursors 
Disinfection by-products (DBPs) are formed as a result of reactions between oxidants 
(chlorine, ozone, chlorine dioxide, or chloramines) and precursors including natural 
organic matter (NOM), algal organic matter (AOM), effluent organic matter (EfOM), 
anthropogenic contaminants, bromide, iodide, and nitrite during the production of drinking 
water (Richardson et al., 2007) (Figure 2.1). Although there are more than 600 DBPs which 
have been identified in drinking waters (Krasner et al., 2006; Muellner et al., 2007; 
Richardson, 2003), only four trihalomethanes, five haloacetic acids, bromate, and chlorite 
are currently regulated for drinking water at 80 µg/L, 60 µg/L, 10 µg/L, and 1000 µg/L by 
the USEPA, respectively (Table 1.1) (USEPA, 2006). In addition to the regulated DBPs, 
there are also other DBPs that are currently unregulated and known to pose a hazard to 
public health such as NDMA (N-nitrosodimethylamine), HNMs (halonitromethanes), 
HANs (haloacetonitriles), iodo-THMs (iodotrihalomethanes), and HAcAms 
(haloacetamides). As the potential health risks of many unregulated DBPs are determined, 
additional DBP regulations may be considered and implemented in the future (Richardson 
et al., 2007). 
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Figure 2.1. Formation of Disinfection By-products and Their Precursors 
 
Nowadays, because of the stringent regulatory concerns for disinfection by-products, water 
utilities in United States are switching their disinfection practice from chlorination to 
chloramination to reduce the formation of THMs and HAAs, which are the major DBPs of 
chlorination. Even though chloramination decrease the formation of these regulated DBPs, 
emerging DBPs including I-THMs , HANs and NDMA can be produced (Allard et al., 
2015; Chen and Valentine, 2006; Hu et al., 2010b; Jones et al., 2011; Mitch et al., 2003b; 
Nawrocki and Andrzejewski, 2011). Among these, NDMA is reported as a potential human 
carcinogen and has been detected mainly in distribution systems during chloramination of 
finished waters (Russell et al., 2012). I-THMs are of particular concern because they have 
been reported to be more cytotoxic and genotoxic than the corresponding regulated 
chlorinated and brominated DBPs (Muellner et al., 2007; Plewa et al., 2004b, 2010; 
  8 
Richardson et al., 2008) (Figure 2.2). It has also been reported that HNMs are one of the 
most cytotoxic and genotoxic classes among the emerging DBPs, and have orders of 
magnitude higher toxicity than the regulated THMs and HAAs (Plewa et al., 2004). Due to 
the aforementioned reasons, it is important to understand the source of DBP precursors to 
further evaluate their formation, speciation and removal mechanisms.  
 
Figure 2.2. CHO cell cytotoxicity and genotoxicity for each DBP group  
 
Trihalomethanes (THMs) 
THMs are one of the dominant disinfection by-products that occur after 
chlorination of treated surface, ground water and wastewaters. Natural organic matter 
(NOM) is the primary source of THM precursors, which is present in all surface and ground 
waters and is derived from various natural organic materials as a result of complex biotic 
and abiotic reactions (Chu et al., 2002). 
The natural organic matter present in soil, sediments, ground waters, surface waters, and 
wastewaters may include recognizable biochemicals such as like proteins, nucleic acids, 
  9 
lipids, cellulose, and lignin. Therefore, woody terrestrial plants (in soil), polysaccharides 
and lipids derived from the plankton (in oceans), and terrestrial and aquatic organisms (in 
lakes and estuaries) can be sources of NOM. Therefore, NOM is a heterogeneous mixture 
of several organic materials including macromolecular humic substances, smaller 
molecular weight hydrophilic acids, proteins, lipids, carboxylic acids, amino acids, 
carbohydrates, and hydrocarbons (Thurman, 1985a). Among those, humic substances, 
which contain mainly electron- rich sites, such as aromatics, are considered the major 
precursors of THMs (Reckhow et al., 1990a). 
Haloaceticacids (HAAs) 
Haloacetic acids (HAAs) are formed as a result of chlorination and chloramination 
of drinking water (Cowman and Singer, 1996; Hong et al., 2013; Zhang et al., 2010). There 
are a total of nine HAA species containing chlorine and bromine: chloro-, dichloro, and 
trichloroacetic acid (MCAA, DCAA, and TCAA); bromo-, dibromo-, and tribromoacetic 
acid (MBAA, DBAA, and TBAA); and bromochloro-, bromodichloro-, and 
dibromochloroacetic acid (BrClAA, BrCl2AA, and Br2ClAA). Currently, five haloacetic 
acids are regulated by the U.S. EPA. Among those, dichloroacetic acid (DCAA) and 
trichloroacetic acid (TCAA) are the most frequently found compounds in disinfected 
surface and wastewaters. Laboratory studies, conducted with isolated aquatic humic 
substances, also support these results (Reckhow et al., 1990b).  
Previous research has also shown that levels of THMs and HAAs in chlorinated 
waters vary according to the levels of their precursors. High NOM concentrations have 
generally been associated with high THMs and HAAs concentrations (Liang and Singer, 
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2003). The bromide ion (Br-) can serve as an inorganic precursor for THMs and HAAs, 
and therefore, may lead to the formation of bromine-containing species following 
chlorination of bromide-containing water sources. When aqueous chlorine reacts with Br-, 
it rapidly oxidizes the Br- to hypobromous acid (HOBr) (Ding et al., 2013). Depending on 
the pH of the water, hypobromous acid can be present in two forms as either HOBr or OBr- 
which will then react with organic precursors through oxidation and substitution reactions 
to produce DBPs containing bromine. 
N-Nitrosodimethylamine (NDMA) 
Water utilities in the US have been switching their disinfection practice from 
chlorination to chloramination to lower the formation of regulated THMs and HAAs in 
their finished waters. However, the usage of chloramine during water treatment led to the 
formation of N-nitrosodimethylamine (NDMA) as a result of reactions between 
chloramines and organic nitrogen-containing precursors (Choi et al., 2002; Russell et al., 
2012). Among the N-nitrosamines detected in U.S. distribution systems, NDMA has been 
the dominant species where monochloramine is used as the post disinfectant (Mitch and 
Sedlak, 2002). A lifetime cancer risk of 10−6 was estimated by the U.S. Environmental 
Protection Agency (USEPA) for exposure to drinking water containing 0.7 nµ NDMA 
(IRIS, 2002). Because of health concerns, the California Department of Health Services set 
an NDMA action level of 10 ng/L (CDPH, 2010). NDMA precursor sources can be 
classified into two main categories: natural and anthropogenic. Algae, natural organic 
matter (NOM) and its fractions (Chen and Valentine, 2006; Gerecke and Sedlak, 2003; 
Krasner et al., 2008a; Mitch et al., 2009), dissolved organic nitrogen in natural waters, and 
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soluble microbial products have been considered natural sources of NDMA precursors. 
Amine containing polymers (Kohut, 2003; Najm and Trussell, 2000; Wilczak et al., 2003), 
anion exchange resins (Gan et al., 2013), pharmaceuticals and personal care products, 
fungicides, pesticides, and herbicides (Chen and Young, 2008), effluent-impacted waters 
(Guo and Krasner, 2009; Schreiber and Mitch, 2006; Shah and Mitch, 2012) and 
constituents released from different materials such as rubber seals, gaskets, etc. (Morran et 
al., 2011; Teefy et al., 2011) have been identified as anthropogenic sources of NDMA 
precursors. Among these, because of carrying more reactive precursors, wastewater 
effluents and anthrophogenic sources are the most important source of NDMA precursors 
(Krasner et al., 2008b; Uzun et al., 2015). In most cases, sucralose, an artificial sweetner, 
can be used as a marker for wastewater impact in drinking water sources (Krasner et al., 
2008b). It has been found that impacted surface waters (sucralose>100 ng/L) had higher 
NDMA FP (NDMA formation potential) than low impacted sources (sucralose<50 ng/L) 
(Krasner et al., 2008b; Nawrocki and Andrzejewski, 2011; Uzun et al., 2015). In addition, 
the primary amine precursors of NDMA are largely anthropogenic in origin (Le Roux et 
al., 2011; Sacher et al., 2008; Selbes et al., 2013; Shen and Andrews, 2011), in contrast 
with the regulated THMs and HAAs, for which natural organic matter (NOM) constitutes 
the main precursor pool. Higher NDMA FPs in wastewater-impacted water sources with 
higher pharmaceutical levels (e.g., primidone, carbamazepine) and a positive correlation 
between boron and NDMA FP (r2=0.90) also support this assessment (Sacher et al., 2008; 
Schreiber and Mitch, 2006). On the other hand, none of the other analyzed physical-
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chemical parameters (pH, TOC, UV, alkalinity , NH4+, NO2-, NO3-) showed a comparable 
correlation to the NDMA FP (Sacher et al., 2008). 
Iodo-trihalomethanes (I-THMs) 
To control the formation of THMs and HAAs in the finished waters, water utilities 
in US have largely switched from chlorine to monochloramine (Hong et al., 2007). 
However, the switch has led to the formation of more toxic I-THMs in finished waters that 
contain iodide in their sources. Iodide in source waters is rapidly oxidized to hypoiodous 
acid (HOI) during oxidation and disinfection with chlorine, monochloramine, and ozone 
(Bichsel and Gunten, 1999; Bichsel and Von Gunten, 2000). Unlike monochloramine, 
chlorine and ozone can further oxidize HOI to iodate (IO3−), which lessen the formation of 
I-THMs. On the other hand, monochloramine can also oxidize I- to HOI and further to IO3−. 
However, the oxidation pathway is extremely slow as compared to the much faster reaction 
between HOI and NOM. Therefore, it was confirmed that the formation of I-THMs was 
higher when monochloramine was used as a primary disinfectant (Hua and Reckhow, 
2007a). 
Among the THMs, I-THMs were found to be more toxic than their brominated and 
chlorinated analogues (Plewa et al., 2004b; Richardson et al., 2008). In addition, I-THMs 
(especially iodoform) have low odor threshold concentrations ranging from 0.03 to 8.9 
µg/L, which were associated with taste and odor problems in the finished drinking water 
(Hansson et al., 1987). Researchers have studied the occurrence of I-THMs in different 
sources and found that I-THM formation was favored when the iodide levels in the 
corresponding source waters were between 0.4 and more than 100 µg/L (Richardson et al., 
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2008). I-THM formation and speciation, from preformed monochloramine and 
prechlorination followed by ammonia addition, have been found to be affected by different 
factors including I-/DOC ratio, Br-/I- ratio, Br-/DOC, pH, and SUVA254 (Allard et al., 2015; 
Jones et al., 2012a). For example, at pH ³7.5, higher I-/DOC ratios were required to get 
equivalent I-THMs yields observed at pH 6 (Jones et al., 2012a). This result shows the 
importance of pH on I-THM formation and speciation. The impact of pH on the formation 
and speciation of I-THMs was ascribed to decomposition of monochloramine at lower pH 
to form HOCl and HOBr (in the presence of Br-), which is responsible for formation of 
both Cl/I-THMs and Br/I-THMs at low pH, respectively (Allard et al., 2015; Jones et al., 
2011, 2012a). The Br-/I- ratio also played a key role in the formation and speciation of I-
THMs. For example, when the Br-/I- ratio decreased, I-THMs formation was found to 
increase with increasing pH (Jones et al., 2012a). However, for the more realistic 
conditions, in which the Br-/I- is 10:1 , the formation of I-THMs decreased with increasing 
pH (Jones et al., 2012a). Researchers have also suggested that SUVA254 is an important 
parameter that affects the formation of I-THMs such that low SUVA254 waters had higher 
I-THM formation as compared to high SUVA254 waters, which was attributed to higher 
reactivity of iodine with hydrophilic NOM fractions rather than hydrophobic NOM ones 
(Jones et al., 2012a).  
Haloacetonitriles (HANs) 
HANs are an unregulated classes of semi-volatile DBPs also present in disinfected 
waters along with other unregulated DBPs including halonitromethanes (HNMs), 
haloaldehydes (HAs) and haloketones (HKs) (Krasner et al., 2006). Similar to THMs and 
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HAAs, HANs mostly result from chlorination of finished waters. Although their formation 
is relatively low compared to THMs and HAAs, their presence in drinking water should 
not be neglected because of their higher geno- and cyto-toxicities than the currently 
regulated THMs and HAAs (Huang et al., 2013). Currently, there are eight HANs species 
that have been identified including chloroacetonitrile (CAN), bromoacetonitrile (BAN), 
dichloroacetonitrile (DCAN), bromochloroacetonitrile (BCAN), 
bromodichloroacetonitrile (BDCAN), dibromoacetonitrile (DBAN), trichloroacetonitrile 
(TCAN), dibromochloroacetonitrile (DBCAN), and tribromoacetonitrile. Among those, 
mostly dihaloacetonitriles (DHANs) have been mostly detected in chlorinated water 
supplies (Oliver, 1983). Due to trace levels found in finished waters and their degradation 
during extraction and analysis (Kristiana et al., 2014), trihalogenated acetonitriles 
(THANs) are not commonly detected. Therefore, most of the studies in the literature have 
focused on the formation of selected HANs including dichloroacetonitrile (DCAN), 
bromochloroacetonitrile (BCAN), dibromoacetonitrile (DBAN) and trichloroacetonitrile 
(TCAN). The formation and speciation of HANs in chlorinated finished waters depend on 
such factors as chlorine dosage, bromide concentration, temperature, pH, total organic 
carbon (TOC) content of water and chlorine reaction time (Ahmadi and Ramavandi, 2014; 
Bougeard et al., 2010; Chiang et al., 2010; Xue et al., 2014). Moreover, fractionation 
studies have shown that precursors of HANs are mostly hydrophilic neutral, hydrophilic 
base and colloidal fractions of NOM which further reacts with chlorine to produce the 
HANs (Westerhoff and Mash, 2002). In addition, nitrogenous precursors from algae or 
effluent organic matter (EfOM) have also been shown to be responsible for the formation 
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of HANs in finished waters (Oliver, 1983). The lack information about the potential 
formation and speciation of HANs during water treatment may cause delay in regulation 
of HANs in drinking water. Therefore, it is important to understand the formation, 
speciation and control of HANs under realistic water treatment conditions. 
Halonitromethanes (HNMs) 
Halonitromethanes (HNMs) constitute one class of emerging disinfection by-products, 
which receive special attention because of their potentially high toxicity and their level of 
occurrence in finished waters at some treatment facilities (Plewa et al., 2004a). There are 
a total of nine species of chlorine and bromine substituted HNMs, including chloro- 
(CNM), dichloro- (DCNM), trichloro- (TCNM), bromo- (BNM), dibromo- (DBNM), 
tribromo- (TBNM), bromochloro- (BCNM), bromodichloro- (BDCNM), and 
dibromochloronitromethane (DBCNM). Among those, TCNM (chloropicrin) is the most 
detected HNM in treated surface and wastewaters.  
To date, the nature of HNM precursors is not fully understood in water sources. In an 
example, while the dissolved organic carbon concentrations (DOC) and the characteristics 
of DOC (e.g., hydrophobic/hydrophilic nature of organic matter of high SUVA254 vs. low 
SUVA254) have been linked to some extent to the formation and distribution of regulated 
THMs and HAAs, the formation of emerging nitrogenous DBPs in water was related to the 
concentrations and composition of dissolved organic nitrogen (DON) in water (Chen and 
Westerhoff, 2010). However, so far HNM precursors in natural waters have not been 
distinctly identified.  
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Early studies conducted with model organic compounds suggests that HNMs can form 
from some specific compounds such as natural organic matter (NOM), nitrite, primary 
amines, and ion exchange resins (Joo and Mitch, 2007; Kemper et al., 2009; Merlet et al., 
1985; Yang et al., 2010). The formation of HNMs has been observed after chlorine, 
chloramine, O3-chlorine, or O3-chloramine disinfection (Cole et al., 2007; Richardson et 
al., 2007). In addition, researchers have shown that the formation of HNMs was enhanced 
upon pre-ozonation of the samples prior to chlorination or chloramination (Chiang et al., 
2010; Hu, 2009; Krasner et al., 2006; Plewa et al., 2004b). Hu (2009) conducted a study to 
determine the formation potentials of HNMs in drinking waters. The results suggest that 
higher yields of HNMs occured in the treated water rather than the raw water, which 
indicate that the conventional treatment processes do not remove the majority of HNM 
precursors. Their results support that HNM precursors consist of some hydrophilic organic 
matter with low-molecular weight that tend to persist during conventional water treatment 
processes. In addition, correlations between HNM yields and various parameters (e.g., 
DOC, DON, DOC/DON ratios, SUVA254) during ozonation–chlorination showed an 
increasing trend of HNM formation with DOC, while there was no clear trend with DON 
(Hu, 2009). On the other hand, DOC/DON ratios showed much higher correlations in both 
raw and treated waters (r2=0.68 and r2=0.76, respectively), highlighting the importance of 
nitrogen content in organic matter in the formation of HNMs. However, in some cases, 
relatively high yields of HNMs were found in very low level DON conditions, suggesting 
the presence of highly reactive specific NOM components that exhibit high yields of HNMs 
(Hu, 2009). 
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Total Organic Halogen (TOX) 
The total formation of organic disinfection by-products can be determined either 
by summation of individual species concentrations, i.e. iodo-trihalomethanes (ITHMs), 
trihalomethanes (THMs), haloacetic acids (HAAs), and haloacetonitriles (HANs), or as 
total organic halogen (TOX). TOX is a single parameter that contains total concentration 
of both known (currently identified DBPs) and unknown disinfection by-products. Among 
all the disinfectants that are used during water treatment, chlorine and chloramine are the 
two major disinfectants that produce significant amounts of TOX. In chlorinated samples, 
only about 50% of TOX can reportedly be assigned to individual species, while, in 
chloraminated samples, the corresponding value is less than 20% (Li et al., 2002; Reckhow 
and Singer, 1984; Richardson, 2003). When bromide and iodide ions are present in finished 
waters, chlorinated organic compounds (TOCl), as well as brominated (TOBr) and 
iodinated (TOI) organic compounds, are formed. To identify the contribution of each of 
these fractions in TOX (i.e., TOCl, TOBr, and TOI), an off-line TOX measurement 
technique has been developed by researchers (Hua and Reckhow, 2006). This method will 
help researchers to better evaluate the contribution of each known and unknown 
proportions of TOCl, TOBr, and TOI in total organic halogen formation. The obtained 
results can be further linked to the health risks of DBPs.  
The Control of DBP Precursors  
Source Control 
 The selection of a proper water source is one of the first and foremost strategies for 
controlling the formation and speciation of disinfection by-products during water 
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chlorination/chloramination. Since the precursors of DBPs are source water specific, in 
general, they can originate from different sources such as natural organic matter (NOM), 
effluent organic matter (EfOM), algal organic matter (AOM), pharmaceuticals, personal 
care products, and agricultural runoffs (Bond et al., 2011; Kemper et al., 2010; Krasner et 
al., 2008b; Lee et al., 2007; Reckhow et al., 2011; Schmidt and Brauch, 2008; Singer et al., 
2002). Some of these natural or anthropogenic precursors are highly reactive with a wide 
range of oxidants. Therefore, the use of techniques aimed to minimize terrestrial inputs 
(i.e., reservoir and watershed management) and reduce biological growth (i.e., application 
of copper sulfate) would help minimize the precursors in the sources. For example, if DOC 
levels could be reduced, the formation of THMs and HAAs would also be minimized. On 
the other hand, according to national surveys, elevated levels of NDMA formation 
potentials have been observed in the surface waters which are under the influence of 
upstream wastewater discharges (Krasner et al., 2013; Mitch et al., 2009; Sacher et al., 
2008). Given these research results, if there are upstream discharges from an industrial or 
household wastewater treatment plants, decision makers can consider alternative sources 
to mitigate the formation of NDMA. If such considerations are not an option, then they 
need to investigate different treatment strategies to minimize the formation of NDMA 
during water treatment (Table 2.1).  
Coagulation/Flocculation/Lime Softening 
Coagulation-flocculation with alum and ferric salts is quite effective for removing 
NOM and its constituent DBP precursors components from water (Babcock and Singer, 
1979; Lee and Westerhoff, 2006; Young and Singer, 1979). Within the complex structure 
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of NOM, the tendency for removal of humic and fulvic fractions is more favorable during 
coagulation and subsequent settling or filtration than the more hydrophilic NOM (Liang 
and Singer, 2003). 
Table 2.1. Summary Table for DBP Precursor Control Strategies 
 
Effectiveness: +++ High; ++ Moderate; + Low; - None; No or insufficient information 
in the literature. 
 
 Since the humic materials mostly contain the precursors for THMs, trihaloacetic 
acid and TOX, the removal of the humic components leads to slightly higher removals of 
THMs, trihaloacetic acid, and TOX precursors on a percentage basis than bulk DOC 
(Archer and Singer, 2006). In contrast, the removal of NDMA precursors is limited or non-
existent (<10%) during coagulation (Knight et al., 2012; Krasner et al., 2012b, 2008a; 
Sacher et al., 2008). In addition, Mitch et al. (2009) observed a 43% increase in NDMA 
DBP Precursor Control 
Strategies THMs HAAs NDMA I-THMs HANs HNMs 
Source Control +++ +++ +++ +++ +++ +++ 
Coagulation/Flocculation/
Lime Softening 
+++ + -   -
Powdered and Granular 
Activated carbon 
++ +++ ++  +  
Membrane Filtration +++ +++ +++   
Biofiltration + + ++   
Ion exchange resins +++ +++ -    
Polymer Application +++ +++ -    
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levels after coagulation as reported by water treatment plants (WTPs). The increase was 
ascribed to polymer use (Mitch et al., 2009). The observed less efficient removals of 
NDMA precursors during coagulation might be associated with their low molecular weight 
and hydrophilic properties, which are poorly removed by coagulation (Lee and Westerhoff, 
2006; Mitch et al., 2009; Xu et al., 2011). Moreover, similar to coagulation, lime softening 
has also shown to be poor for removing NDMA precursors (Mitch et al., 2009).  
Powdered and Granular Activated Carbon 
Powdered activated carbon (PAC) and granular activated carbon (GAC) are widely 
used in WTPs in United States to control precursors of DBPs, taste and odor causing 
compounds and synthetic organic chemicals (SOCs) (Hanigan et al., 2013; Najm et al., 
1991; Tung et al., 2006). Although PAC has been used for removal of DBP precursors, 
precursor removals at typical water treatment doses and contact times were limited, and 
required higher doses and longer contact times for effective removal of DBPs. For example, 
Hanigan et al. (2012) have found that only 37% and 59% of NDMA precursors were 
removed after 4 hr of contact time from a municipal wastewater effluent when 3 and 8 
mg/L PAC doses applied. When a high dose of PAC (75 mg/L of WPH) was applied, much 
higher (approximately 90%) removals of NDMA precursors were observed in secondary 
wastewater effluents with different initial NDMA FP (544 and 1470 ng/L) (Hanigan et al., 
2012). In another study, Beita-Sandi et al. (2016) applied a dose of 30 mg/L PAC to 
wastewater effluent (NDMA FP = 576 ng/L) and observed around 70% precursor removal. 
When they applied the same dose of PAC (30mg/L) to surface waters, they observed much 
lower precursor removals (~30-40%). Later, they found that natural attenuation of NDMA 
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precursors decreased the effectiveness of PAC adsorption. In the same study, results 
showed that the removal of NDMA precursors from surface water remained the same (~30-
40%) when PAC dose increased from 15 mg/L to 30 mg/L, which indicated that application 
of 15 mg/L of PAC was sufficient to remove the adsorbable NDMA precursors (Beita-
Sandí et al., 2016). 
More recently, lower PAC doses (3-20 mg/L) used to treat a 90:10 (surface water : 
wastewater) blend (NDMA FP 60 ng/L) showed 33-80% NDMA FP removals with 
increasing PAC dose and little to no additional removal occurred after 15 min of contact 
time (Hanigan et al., 2015). In another study, researchers applied 5 mg/L PAC (Calgon 
F300) to three different surface waters and the results showed 50% NDMAFP removal 
(Sacher et al., 2008). In the same study, when the carbon dose increased to 20 mg/L, 
NDMAFP level increased by 90% after seven days of contact time. In addition to carbon 
dose and contact time, Beita-Sandi et al. (2016) also found that physico-chemical 
characteristics of the carbons such as surface area, pore size distribution, and pHpzc are also 
important for NDMA precursor removal. For example, adsorbable NDMA precursors were 
trapped in the pore size region of 10-20 Å and <10 Å. In addition, PACs with higher surface 
areas and basic surface chemistry were more effective in removing NDMA precursors 
(Beita-Sandí et al., 2016). 
Hanigan et al. (2012) conducted a bench scale rapid small scale column test 
(RSSCT) using GAC with three blends of SW and secondary effluent (10% WW/90% SW, 
50% WW/50% SW, 90% WW/10% SW). They found that, in all cases, the removal of 
NDMA FP (NDMA precursors) were higher than 50% even after 10000 bed volumes. 
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However, it should also be noted that since biological activity occurs so readily in GAC 
beds, it is sometimes difficult to separate removal owing to adsorption from loss to 
microbial degradation (Hanigan et al., 2012). Researchers continuously monitored GAC 
removal performance for THM, HAA, and HAN precursors (Jacangelo et al., 1995). After 
six months of operation, the GAC removed more than 40% of the HAN precursors, 60% 
of THM precursors, and more than 80% of HAA precursors (Jacangelo et al., 1995). 
Membrane Filtration 
The removal of DBP precursors is quite effective with high-pressure membrane 
processes; however, their removal after formation is much lower because of their small 
molecular sizes. During water treatment, three major types of membranes including 
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) have been commonly 
used in an effort to reduce the formation of DBPs.  
Ultrafiltration (UF) is proven to be a competitive treatment compared with 
conventional ones. Therefore, UF is used to replace a clarification step in conventional 
water treatment plants. While the use of UF during water treatment will surely retain the 
pathogen and generate highly free pathogenic water, it can also eliminate the precursors of 
regulated trihalomethanes (THMs) up to 68% (Ángeles et al., 2008). However, it has been  
reported that the removal of NDMA precursors, which are relatively small sized or low 
molecular compounds, are negligible (<15%) by UF membranes (Pehlivanoglu-Mantas 
and Sedlak, 2008).  
Reverse osmosis (RO) and tight nanofiltration (NF) membranes are commonly used 
for rejection of inorganic and organic contaminants due to their smaller pore sizes and 
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corresponding lower molecular weight cut-off. While reverse osmosis (RO) has exhibited 
nearly complete removal of NDMA and THM precursors, NF also are very effective (i.e., 
90-100%) for removing THM precursors (Ángeles et al., 2008; Cho et al., 1999; Mitch and 
Sedlak, 2004; Reinhard et al., 1986). By considering their effectiveness in removing DBP 
precursors and lower cost as compared to RO membranes, NF membranes can be used as 
an alternative to remove small-sized DBP precursors along with pathogenic organisms. 
Previous model precursor studies have shown that the removal of selected NDMA 
precursors such as DMA, MEA, DEA, DPA, DMS, ranitidine, DMAE, DMAP, Michler’s 
ketone, DMHA, and gramine by NF membranes were in the range of 30 - 98% (Krauss et 
al., 2010; Miyashita et al., 2009; Schmidt and Brauch, 2008; Snyder et al., 2007). NDMA 
precursors are amine based compounds with high acid dissociation constants (pKa= ~8). 
Therefore, at high pH conditions (above their pKa’s), amine based compounds carry 
positive charges. Therefore, the removal mechanism of NDMA precursors has shown to 
be impacted by not only size exclusion (due to their MWCO) but also the charge of the 
precursors (related to their pKa values) (Krauss et al., 2010).  
When the removal of small sized DBP precursors by NF membranes are of concern, 
background water characteristics (i.e., pH, hardness, ionic strength) and membrane 
composition (i.e., charge and hydrophobic/hydrophilic properties) are likely to be more 
important than molecular weight cut-off (MWCO) (Braghetta et al., 1997; Miyashita et al., 
2009). Researchers have found that negatively charged NF membranes were capable of 
removing 90% or more of the anionic HAAs, which suggest that both the charge of the 
precursors and membrane may be an important factor for determining the rejection of 
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precursors (Chalatip et al., 2009; Krauss et al., 2010). To date, numerous studies have 
reported rejections of micropollutants by NF membranes (Snyder et al., 2007). Despite 
reports and studies of DBP precursor removal by NF, much information, and testing under 
various water chemistry conditions, is still needed to understand NF performance for 
removing different regulated and unregulated DBP precursors simultaneously from the 
sources.  
Biofiltration 
There are a number of studies available in the literature that shows the effectiveness 
of biofiltration for removing DOC, and therefore, carbonaceous DBP precursors. In 
general, the removal of THM precursors by biologically active GAC parallels the removal 
of DOC (Niquette et al., 1999; Urfer et al., 1997; Wang et al., 1995). McKie et al. (2015) 
found that THM, HAA, and TOX precursors were removed from lake water with an 
average of 20-28%, 22-34%, and 20-41%, respectively (McKie et al., 2015). In addition to 
removal of carbonaceous precursors, biofiltration can also partially remove nitrogenous 
precursors that cause the formation of NDMA upon chloramination (Farré et al., 2011b). 
Farré et al. (2011b) reported about 80% reduction in NDMA FP (250 to 50 ng/L) using 
pilot-scale biologically active carbon columns at a wastewater reuse facility. Also, 
conventional full-scale biologically active filters (BAF) have been shown effective in 
removing NDMA precursors up to 40-60% (Selbes et al., 2016). However, some of this 
removal may be due to adsorption of NDMA precursors to the filter media (Krasner et al., 
2013). In some cases, biofiltration has been shown to increase NDMA formation by 
transforming some precursors into more potent forms (Krasner et al., 2012a). The presence 
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of ammonia in the influent led to higher concentrations of nitrite in the effluent. Thus, 
increasing nitrite concentrations at the biofilters effluent can increase NDMA FP triggered 
by the nitrosation pathway (Krasner et al., 2012a).  
Ion Exchange Resins 
It has been well documented that NOM is the main precursor of DBPs. Structural 
features of NOM indicate carboxylic acid functional groups that are anionic in nature. 
Therefore, anion exchange resins have been proposed as a promising technology for 
controlling the formation of DBPs. In addition, although there are no primary or secondary 
standards regulating hardness, during water treatment, it is required to remove it to 
moderate levels to overcome point of use problems such as scale formation and high 
detergent consumption. Therefore, ion exchange resins have been commonly used during 
water treatment to remove DOC (~60-90%) and hardness (~50-70%) (Arias-Paic et al., 
2016). Furthermore, laboratory batch test results showed that magnetic ion exchange 
(MIEX) resin could remove both hydrophilic and hydrophobic organic acids from water 
(Boyer and Singer, 2005) and thereby offer some advantages over coagulation, which 
removes primarily the hydrophobic fractions. Other studies also showed that MIEX could 
remove bromide in waters with low levels of competing anions (e.g., bicarbonate and 
sulfate) (Johnson and Singer, 2004). Additional studies also demonstrated THM FP, HAA 
FP, and DOC removals of 70 percent or more (Singer et al., 2007). Of concern, when MIEX 
anion exchange resins are used for removing DOC from surface waters and wastewater 
effluents, elevated levels of NDMA precursors have been reported (Gan et al., 2013; 
Kemper et al., 2009). In contrast, cation exchange resins do not contain amine-functional 
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groups; therefore, they do not cause the formation of NDMA (Kemper et al., 2009). 
However, it has been also reported that, in the presence of calcium, plus, a cation exchange 
resin, leached up to 400 ng/L NDMA FP (Beita-Sandi, 2017). Singer and Flower (2012) 
observed high levels of NDMA precursors after regeneration cycles in full-scale anion 
exchange treatment; however, leaching of precursors decreased after multiple regeneration 
cycles (Flowers and Singer, 2013; Krasner et al., 2012a).  
These studies reveal that the detached or free amine groups resulting from the 
manufacturing process may be eliminated by using pre-regeneration cycles so that NDMA 
formation may be minimized upon chloramination. In addition to manufacturing 
impurities, resins are also degrade over the course of time and release organic precursors 
that might form NDMA (Nawrocki and Andrzejewski, 2011).  
Polymer Application 
Polymers has been commonly used during water and wastewater treatment to 
enhance the efficiency of coagulation/flocculation. Although, they are effective in reducing 
the formation of regulated THMs and HAAs, amine based water treatment polymers 
containing DMA moieties such as Mannich, polyamine, polyDADMAC, and cationic 
polyacrylamide have been reported to show an increase in NDMA precursor levels in DDI 
(distilled and deionized water)background by 434421 ng/L, 3976 ng/L, 2500, and 424 
ng/L, respectively (Park et al., 2007). In addition, these polymers can also degrade and 
release NDMA precursors (Bolto, 2005; Kohut, 2003; Wilczak et al., 2003). Accordingly, 
increased NDMA levels have been frequently detected in treatment plants employing 
quaternary amine-based polymers such as PolyDADMAC (43-82%) (Krasner et al., 
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2012b). As a result, during water treatment, polymer selection and application should be 
carefully investigated to minimize NDMA formation.  
Factors Affecting DBP Formation and Speciation 
Formation and speciation of disinfection by-products are controlled by many 
factors such as NOM characteristics and concentration, pH, bromide and iodide 
concentrations, and chlorination/chloramination conditions (i.e., temperature, dose, and 
contact time). Each of these parameters has the potential to increase or decrease the 
formation of DBPs during water treatment. Therefore, it is crucial to understand individual 
and combined effects of these parameters on DBP formation to mitigate the formation and 
control of DBPs in the finished waters.  
Effect of Natural Organic Matter Type 
It has been known that the formation of DBPs is strongly correlated with the NOM 
type and concentration of the water being oxidized with chlorine or chloramine (Allard et 
al., 2015; Ates et al., 2007; Kitis et al., 2001). However, DBP formation from NOM, 
originating from different sources, is still a complex phenomenon. The relationship 
between DOC and DBP formation may be quite strong for some source waters, the 
correlation becomes much weaker when considering waters of different character. NOM 
consists of a mixture of humic and fulvic acids and non-humic (hydrophilic) material. 
Therefore, the amount (as indicated by TOC) and the character (as described by SUVA254) 
of NOM can affect DBP formation. Since NOM provides the precursor material for DBPs, 
increasing concentrations of NOM lead to increasing concentrations of by-products. This 
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relationship has led to the use of SUVA254 value (specific ultraviolet absorbance at 254 
nm) as a surrogate parameter for estimating the extent of DBP formation.  
Previous researchers have considered the effect of humic and fulvic fractions by 
isolating them from natural waters and found that the fulvic fractions had a lower aromatic 
content and smaller molecular size than the humic fractions (Reckhow et al., 1990b). In 
addition, they found that because of the higher aromatic content and larger molecular size 
of humic fractions, a higher SUVA254 absorbance was observed for humic fractions 
(Reckhow et al., 1990a). The UV absorbance at 254 nm was correspondingly higher for 
the humic fractions, owing to the higher aromatic content and larger size. 
 Since chlorine species (HOCl, OCl-, NH2Cl, and NHCl2) are electrophiles, they are 
believed to react with electron-rich sites in DOM molecules such as activated aromatic 
rings, amino nitrogen, and aliphatic beta-dicarbonyls. Chlorine consumption and the 
formation of THMs and HAAs correlated well with the aromatic and phenolic content of 
NOM in the waters investigated (Singer, 1994). In contrast, under chloramination 
conditions, the formation of I-THMs has been shown to be higher in low SUVA254 (low 
aromaticity) waters (Allard et al., 2015; Hua and Reckhow, 2007c; Jones et al., 2012a). Hu 
et al. (2010a) investigated the formation of HNMs from collected raw and treated source 
waters. The results showed that HNM concentrations increased with increasing NOM 
concentrations of raw and treated waters. However, while HNM formation of raw waters 
showed an increasing trend with decreasing aromaticity (SUVA254), the researchers did not 
observe a clear trend between treated waters and SUVA254 (Hu et al., 2010a). However, 
NDMA FP did not correlate well with SUVA254 (R2=0.12) (Uzun et al., 2016).This 
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suggests that SUVA254 is not a good indicator when evaluating the formation of HNMs and 
NDMA. Nevertheless, these observations still indicate that both the type and 
concentrations of organic precursors are important in the formation of many DBPs.  
Effect of pH 
According to previous studies, pH has been found to be an important parameter that 
affects the formation of disinfection by-products. The impact of pH on THM and HAA 
concentrations has been reported by a number of researchers since THM and HAA in 
drinking-water first came to the attention of the water industry (Hua and Reckhow, 2008a, 
2007a; Reckhow et al., 1990b). Overall, it has been widely observed that the formation of 
THMs is increased with increasing pH. Hua et al. (2008) reported a three-fold increase in 
the concentration of THMs when the pH increased from 5 to 10. In general, the increase 
was ascribed to a base-catalyzed reaction, which enhanced the formation of THMs. In 
contrast to THMs, researchers observed an opposite trend in which the formation of HAAs 
(especially those of THAAs) and HANs decreased as the pH increased (Hua and Reckhow, 
2008a; Reckhow et al., 1990b). The observed decreasing trend at high pH conditions could 
be explained by base-catalyzed hydrolysis and/or decreased stability of these compounds 
under basic conditions (Reckhow et al., 2001; Yu and Reckhow, 2015). Overall impact of 
pH on THMs, HAAs and HANs formation can be summarized in total halide formation 
(TOX), which decreases with increasing pH due to hydrolysis of DBPs at alkaline pH levels 
(>8.0) (Singer, 1994).  
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Effect of Bromide (Br-) and Iodide (I-) 
Bromide and iodide are readily oxidized by aqueous chlorine and chloramine to 
form hypobromous (HOBr) and hypoiodous acid (HOI), respectively. The former, HOBr 
will react with NOM to form brominated organic compounds such as bromoform and 
dibromoacetic acid, and in the presence of free chlorine, mixed bromochloro-organics (i.e., 
dichloromethane, bromochloroacetic acid, bromochloroacetonitrile, etc.). The same is true 
with respect to the formation of iodinated DBPs in the presence of iodide. Although, it 
should be noted that iodinated DBPs tend to be found only in chloraminated systems 
because under chlorination conditions iodide (I-) is rapidly oxidized to iodate (IO3-), which 
does not react with NOM (Bichsel and Von Gunten, 1999; Criquet et al., 2012; Hua et al., 
2004). 
The type of the halogen that substitutes in organic molecules greatly affects the 
toxicity of halogenated DBPs. The level of toxicity for a given class of DBPs increases in 
the order of Cl-<Br-<I--DBPs (Plewa et al., 2004b, 2010; Richardson et al., 2007). The 
impact of bromide ion on the formation and speciation of DBPs within a class of 
compounds such as THMs, HAAs, HANs and HNMs has been discussed by previous 
researchers and the results showed that increasing bromide dose shifts the speciation from 
chlorinated to more brominated ones, which are known to more cyto- and geno-toxic 
(Cowman and Singer, 1996; Hu et al., 2010b; Hua et al., 2004; Hua and Reckhow, 2007c; 
Richardson et al., 2007; Shan et al., 2012; Uyak and Toroz, 2007). The application of 
chloramine and the presence of bromide in the system (i.e., preformed or sequential 
application of chlorine and ammonia) are also known to affect the formation of iodinated 
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DBPs. For example, at high bromide concentrations and/or high prechlorination times, 
most of the iodide was converted to iodate (IO3-); and therefore, low concentration of I-
THMs was observed (Allard et al., 2015; Criquet et al., 2012). Conversely, at low bromide 
concentrations and/or low prechlorination times, the iodide oxidation to iodate was less 
pronounced and accordingly the formation of I-THMs was higher (Allard et al., 2015; 
Criquet et al., 2012). For waters containing high bromide concentrations, short 
prechlorination times can lead to a full conversion of iodide to iodate, resulting in a low 
formation of I-THMs and a reasonable formation of Cl/Br-THMs (Allard et al., 2015). 
Furthermore, the ratio of Br-/I- is also an important factor that affects the formation of 
mixed Br/Cl/I-THMs under low pH conditions. It is hypothesized that, at low pH, 
additional oxidants such as HOCl, HOBr, and HOI form and enhance the formation of I-
THMs (Jones et al., 2012a). 
Effect of Contact Time 
Reaction time is one of the most important factors that determines the DBP 
concentrations under conditions where a disinfectant residual persists. Researchers have 
shown that using chloramine as a primary disinfectant at long contact times can lead to 
high NDMA concentrations (Russell et al., 2012; Wilczak et al., 2003). However, the 
formation of major DBPs (i.e., THMs and HAAs) are also found to increase with reaction 
time as long as a disinfectant residual exists. When chlorine is added, there is a period of 
rapid THM formation for the initial few hours (i.e., 4 h), followed by a decline in the rate 
of THM formation, suggesting fast and slow NOM reactive sites (Gallard and Von Gunten, 
2002). Laboratory kinetic experimental results have also shown that HAAs form somewhat 
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more rapidly than THMs (Hua and Reckhow, 2008b). In the presence of bromide, studies 
also have shown that the formation of brominated DBPs is much faster than their 
chlorinated analogues. As far as I-THM formation, contact time is a key parameter when 
prechlorination is applied before ammonia addition. This is because at longer free chlorine 
contact times, full conversion of iodide to iodate occurs and the formation of iodinated 
DBPs can be decreased. In a previous study, researchers found that the highest 
concentration of iodoform was observed for the shortest prechlorination contact times and 
exposures (from 0 to 5 min) (Criquet et al., 2012). Although some DBPs (i.e., NDMA, 
THM, HAA, and I-THMs) have shown to be affected by contact time, some others such as 
HAAs and HANs are chemically unstable and are subjected to hydrolysis or further 
oxidation (Liang and Singer, 2003; Yu and Reckhow, 2015). While some of these 
compounds form and degrade rapidly (i.e., 1,1-dichloropropanone), some (i.e., 
dichloroacetonitrile) decompose slowly in drinking water distribution systems (Reckhow 
et al., 2001; Walsh et al., 2008; Zhang and Minear, 2002). 
Effect of Temperature 
In general, the formation rates of THMs, HAAs, and TOX have been shown to 
increase with temperature (Hua and Reckhow, 2008b; Liu and Reckhow, 2013). McClellan 
(2000) has reported little or no change in THAA concentration with temperature 
(McClellan, 2000). THM formation has been shown to be more affected by temperature 
changes as compared to HAAs (Hua and Reckhow, 2008b). In another study, under 
chloramination conditions, while THMs and HAAs yields generally remained stable, an 
increasing formation of HNMs was observed when the temperature increased from 10 °C 
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to 30 °C (Hong et al., 2013). As for chlorination, the temperature dependency was only 
observed for chloroform (Hong et al., 2013). When the temperature increased form 10°C 
to 20 °C, the formation of HAAs and HNMs initially increased and later decreased as the 
temperature increased to 30 °C (Hong et al., 2013). Chang et al. (2011) conducted an 
experiment to evaluate the effect of temperature on NDMA formation using selected 
organic precursors. The results showed that when NaOCl and ClO2 were used as a primary 
disinfectant, the change in temperature increased the formation of NDMA from DMA 
(Chang et al., 2011). Even though the formation of DBPs increases with the temperature, 
depletion of chlorine and chloramine in the system is also accelerated at high temperatures, 
which in turn results in reduced formation of DBPs (Chang et al., 2011; Hua and Reckhow, 
2008a; Liu and Reckhow, 2013). However, in accordance with current practice, additional 
chlorine is always added to compensate for the more rapid loss of residual chlorine at high 
temperatures during water treatment. Therefore, overall DBP formation increases with 
increasing temperature. On the other hand, degradation of HAAs are also enhanced at high 
temperatures due to increased microbiological and/or chemical degradation (Hua and 
Reckhow, 2008b). 
Effect of Disinfectant Dose 
Disinfectant dose is another factor that affects the type and concentration of DBPs 
formed. Farré et al. (2011a) investigated the effect of chloramine dose on the formation of 
NDMA during 24 h of contact time at varying oxidant doses (i.e., 4,10, and 15 mg/L as 
Cl2). The results showed that NDMA formation increased from <1 ng/L to 97 ng/L when 
monochloramine dose increased from 4 mg/L to 15 mg/L (Farré et al., 2011a). In another 
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study, Choi and Valentine (2002) have observed that NDMA formation increased linearly 
when they increased the dose from 0.71 to 14.2 mg/L as Cl2 at fixed DMA concentrations 
(0.1 mM). However, the formation reached an apparent plateau when the monochloramine 
dose further increased to 142 mg/L (Choi and Valentine, 2002). On the other hand, 
researchers have also reported that the formation of THMs, HAAs, and HNMs showed a 
general increasing trend as the disinfectant dose increased under chlorination and 
chloramination conditions (Lu et al., 2009). Hua and Reckhow (2008a) found that chlorine 
dose had a significant effect on the distributions of di- and tri-halogenated acetic acids. In 
their study, when the chlorine dose was lower than 3 mg/L, the formation of DHAAs was 
higher than THAAs. However, at higher chlorine doses, THAAs formation became more 
prominent than DHAAs (Hua and Reckhow, 2008a). In another study, higher percentage 
yields of THAAs were observed when the monochloramine dose increased from 1.3 to 7.8 
mg/L, which was attributed to availability of free chlorine in the system at high 
monochloramine doses (Hong et al., 2013). 
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 CHAPTER THREE 
 RESEARCH OBJECTIVES AND APPROACHES 
To date, more than 600 DBPs have been detected in potable waters but only 11 
compounds (THM4, HAA5, bromate, chlorite) are regulated in the US (USEPA, 2006). 
Although there is a vast amount of literature on formation and control of regulated DBPs, 
our knowledge of emerging and unregulated DBPs, their precursors and formation control 
is greatly lacking. Therefore, this research focused on improving our understanding on the 
formation and control of selected unregulated DBPs during water treatment. Given the 
large number of unregulated DBPs, the research had two main foci. First, the control of 
NDMA and HNM precursors during nanofiltration and the effect of water chemistry on 
precursor control will be investigated. This was important because there is a need to 
improve our understanding of N-DBP precursors during water treatment given the 
significant health effects of N-DBPs. Second, the formation and control of halogenated 
DBPs, especially brominated and iodinated species of HAAs, I-THMs and HANs, were 
examined under different water chemistry conditions to gain insights about their formation 
and control. This was important due to increasing bromide levels in some fresh waters (e.g., 
power plant discharges, industrial discharges, fracking operations) and increasing use of 
reverse osmosis in sea water desalination as well as for water reuse. While investigating 
the two foci, THM, as one of the regulated DBPs, was continuously monitored for 
comparison purposes, as the ultimate solution to DBP challenges will require a collective 
approach including both regulated and unregulated DBPs. 
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The research was designed in four phases: 
Phase I 
Preliminary experimental results in our laboratory with NF membranes have shown 
that NDMA formation potentials (NDMA FPs) in the permeate of membranes were higher 
than the feed solution. Since this phenomenon had not been previously reported in the 
literature and was important to control for the NF experiments conducted in this study, the 
first phase of the research focused on examining the leaching of NDMA precursors from 
NF membranes and developing cleaning methods. Therefore, two sub-objectives were set. 
Objective 1.1: To examine the potential leaching of NDMA precursors from different 
types of nanofiltration membranes. 
Approach: Five commercially available NF membranes (ESNA 1 LF2, NF 270, 
and TS40, TS80, SB90) (Hydranautics, FilmTec Corp., and TriSep Corp., respectively) 
produced from different base materials (polyamide, polypiperazine amide, and cellulose 
acetate) were selected and tested for leaching of NDMA precursors. 
Objective 1.2: To evaluate the membrane cleaning techniques using different types of 
background solutions to prevent the leaching and control of NDMA precursors. 
Approach: Three cleaning procedures were tested: (i) distilled and deionized 
(DDI) water alone, (ii) sequential application of base (NaOH at pH 10.5) and acid (HCl at 
pH 2.5), and (iii) 1 mg/L free chlorine (as NaOCl). During the study, the pH values of the 
DDI and chlorine cleaning solution were kept at 6.8 and 8.1, respectively. At the end of 
each cleaning procedure, membranes were thoroughly rinsed with DDI water until no 
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residual cleaning chemical remained in the permeate water and NDMA FP test was 
conducted for permeate samples. 
Phase II 
The objective of the second phase was to examine the removal of selected 
unregulated (i.e., NDMA and HNMs) and regulated (THM) precursors by different NF 
membranes under varying background water chemistry conditions. There were three sub-
objectives of Phase 2. 
Objective 2.1: To examine the removal efficiencies of NDMA, HNM, and THM 
precursors by NF membranes from different source water types. 
Approach: Five different source waters: a non-impacted surface water (SW) that 
serves as a source for a drinking water treatment plant, a wastewater impacted 
surface water (ISW), treated effluents of two municipal wastewater treatment plants 
(WWTP-1, WWTP-2), and an industrial (textile dying/finishing) wastewater 
treatment plant (IWWTP) effluent were filtered through TS80 NF membrane. A 
common formation potential (FP) test was employed in both feed and permeate 
streams to identify the removal efficiency of NDMA, HNM, and THM precursors 
from each source. 
Objective 2.2: To evaluate the impact of membrane type on the removal of DBP 
precursors. 
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Approach: One water source (municipal WWTP effluent) was used and three 
membranes were evaluated, TS80, ESNA 1-LF2 and NF270. 
Objective 2.3: To investigate the effects of background water components (pH, ionic 
strength, and Ca2+) on the removal of DBP precursors from different source waters (i.e. 
municipal and industrial wastewater treatment plant effluents) by NF membrane. 
Approach: The effects of pH, ionic strength, and Ca2+ concentration on DBP 
precursor removal were investigated with experiments conducted for municipal and 
industrial WWTP effluents. One membrane type was used along with two source 
waters: municipal and industrial WWTP effluents. Using factorial design, eight 
different experiments were performed per water type with TS80 membrane. 
Afterwards, NDMA, HNM, and THM formation potential was tested.  
Phase III 
The objective of the third phase was to examine the effect of NOM type on the 
formation, speciation and bromine substitution in THMs, HAAs, and HANs under 
chlorination conditions. Four sub-objectives were set for this phase. 
Objective 3.1: To examine the NOM type on the formation and speciation of THMs, 
HAAs, HANs and TOX, and bromine substitution under different initial Br- concentrations 
in water samples before and after conventional clarification (coagulation, flocculation, and 
sedimentation) processes. 
Approach: Raw and treated water samples, having distinct SUVA254 (specific 
ultraviolet absorbance) values (ranging from 1.7 to 5.1 L/mg/m), were collected 
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from the influent and also after the filtration unit of three different drinking water 
treatment plants that did not use any pre-oxidation. Prior to chlorination, samples 
were buffered at pH 7.5 with a phosphate buffer and spiked with the appropriate 
amount of Br- and I- solutions to achieve the target Br- (0.5, 2.5, 5, 10 µM) and I- 
(0.4 µM) levels. Afterwards, samples were chlorinated (4 mg/L) and reacted for 24 
h. After 24 h of contact time, samples were quenched (using Na2SO3), extracted 
(with liquid-liquid extraction), and analyzed with GC-ECD.  
Objective 3.2: To investigate the effect of pH on the formation and speciation of THMs, 
HAAs, HANs and TOX, and bromine substitution under different initial Br- concentrations. 
Approach: The pH of the samples was adjusted with 20 mM phosphate buffer to 
pH 6, 7.5 and 9. Then, bottles were spiked with appropriate amount of Br- and I- 
solutions to achieve the target Br- (0.5, 2.5, 5, 10 µM) and I- (0.4 µM) levels, which 
was followed by chlorination (4 mg/L) and 24 h reaction. 
Objective 3.3: To examine the effect of initial chlorine concentration on the formation, 
speciation, and bromine substitution in THMs, HAAs, and HANs.  
Approach: Experiments were conducted under different initial chlorine 
concentrations (i.e. 4 mg/L, 8 mg/L, and 16 mg/L) at constant DOC (2 mg/L), pH 
(7.5) and Br- and I- concentrations (2.5 µM and 0.4 µM, respectively). 
Objective 3.4: To investigate the effect of reaction time under different initial Br- 
concentration on the formation, speciation, and bromine substitution in THMs, HAAs, and 
HANs.  
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Approach: Samples were reacted with chlorine under different contact times (i.e. 
2, 24, and 48 h) at constant DOC (2 mg/L), pH (7.5) and Br- concentration (2.5 
µM). 
Phase IV 
The main objective of the fourth phase was to examine the effect of water treatment 
parameters on the formation and speciation of chlorinated/brominated/iodinated DBPs 
under chloramination conditions. For this phase, six sub-objectives were set. 
Objective 4.1: To examine the effect of DOC concentration on the formation and 
speciation of chlorinated and iodinated THMs. 
Approach: The formation and speciation of chlorinated and iodinated THMs were 
investigated under different DOC concentrations (i.e., 0.1, 0.25, 1, 2, 4, 5.4 mg/L) 
at two different initial I- concentrations (i.e., 40 µg/L and 400 µg/L). 
Objective 4.2: To evaluate the effect of NOM type on the formation and speciation of 
chlorinated and iodinated THMs. 
Approach: Raw and treated waters, having different SUVA254 values (i.e., 5.1 and 
2.1 L/mg/m, respectively), were evaluated at four different DOC concentrations 
(i.e., 0.5, 1, 2, 4 mg/L). 
Objective 4.3: To investigate the effect of NH2Cl concentration on the formation and 
speciation of chlorinated and iodinated THMs. 
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Approach: Water samples, having four different DOC concentrations (i.e., 0.5, 1, 
2, 4 mg/L), were chloraminated at two different NH2Cl concentrations (i.e., 2.3 and 
20 mg/L). 
Objective 4.4: To evaluate the effect of I- concentration on the formation and speciation 
of chlorinated and iodinated THMs. 
Approach: Samples were adjusted to DOC level of 0.5 mg/L and 4 mg/L and I- 
concentrations were fortified to 40, 100, 200, and 400 µg/L.  
Objective 4.5: To investigate the effect of Br- concentration on the formation and 
speciation of chlorinated and iodinated THMs. 
Approach: Experiments were conducted at ambient and 400 µg/L Br- 
concentrations, and four different DOC concentrations (i.e., 0.5, 1, 2, 4 mg/L). 
Objective 4.6: To evaluate the effect of water composition on cyto- and geno- toxicity 
Approach: Calculated cyto- and geno-toxicity index values were compared with 
real toxicity data. 
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   CHAPTER FOUR 
MATERIALS AND METHODS 
In this chapter, an overall and detailed description of experimental materials and 
methods used in this study is provided. Since different samples and methods were involved 
in different chapters of this study, in each chapter there is a short materials and methods 
section to list the water samples or materials used, and also the experimental design. 
Glassware, Reagent Water, and Chemical Reagents 
All the glassware was cleaned with tap water and a labware detergent (Alconox), 
then rinsed with distilled water (DI) five times and finally five times with distilled 
deionized water (DDI) produced by a Millipore water purification system. The DDI was 
Type I water with a resistivity of 18 MΩ-cm. After the pre-washing procedure, the 
glassware was dried at 105 ºC for at least 12 h inside an oven to avoid any contamination 
and dust. All chemicals used were American Chemical Society reagent grade or higher. All 
stock solutions and buffers were prepared fresh at the use time. 
Sample Collections and Pre-treatment 
Water samples were collected from selected water sources in accordance with the 
objectives of each study. Samples were transferred to the lab in 20 L jerry cans and 
immediately filtered with pre-washed 0.2 µm cartridge filters (Whatman™ Polycap™ TC) 
upon arrival at the laboratory to eliminate biological activity and were stored for no longer 
than ten days at 4°C in the dark. 
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Chlorine and Monochloramine Production and Measurement 
Fresh chlorine stocks were prepared by diluting sodium hypochlorite (5-6% 
available free chlorine) before the experiment each time. A fresh monochloramine stock 
solution was prepared by mixing sodium hypochlorite (5-6% available free chlorine) and 
ammonium sulfate solutions at a Cl2/N mass ratio of 3.5:1 or 4.0:1 at pH 9. The 
concentrations of the free chlorine and monochloramine as free chlorine were measured 
with Standard Method 4500-Cl F (DPD Ferrous Titrimetric Method)(APHA et al., 2005). 
 
NDMA Formation Potential Test 
NDMA formation potential (FP) tests were conducted to determine the amount of 
NDMA precursors in studied water samples under an excess amount of disinfectant. During 
the test, chloramines were used as the primary oxidant. Initially samples were placed in 1 
L amber bottles and the pH of the samples were buffered at pH 7.5 using 20 mM phosphate 
buffer. Later, sample bottles were spiked with 100 mg/L preformed chloramine, capped 
and shaked gently for complete mixing and then stored at room temperature in the dark for 
five days. After five days of reaction time residual chloramine concentrations were 
measured and samples were quenched with a stoichiometric amount of sodium thiosulfate. 
NDMA was analyzed according to USEPA method 521 (USEPA, 2004). A 
calibration curve was generated using a NDMA stock solution obtained from Sigma 
Aldrich. The minimum reporting levels for NDMA was established at an analyte 
concentration that is 3 times the detection limit (DL), which was defined as 3 ng/l (Table 
4.1).  
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Table 4.1. Detection and minimum reporting limits of NDMA  
Spiked 
(ng/L) 
Mean Measured 
(ng/L) RSD  
Detection Limit*    
(ng/L) 
MRL**                     
(ng/L) 
2 1.90 14.8 0.8 3 
5 4.80 5.2 0.7 3 
* DL= S* t(n-1,1-α)    
S= standard deviation of the replicate analyses 
t (n-1,1-α)  = student t value for the 99% confidence level with n-1 degree of freedom  
n=number of replicates 
** The minimum reporting limit (MRL) was established at a concentration that was 3 times the DL. 
 
Prior to extraction, N-nitrosodimethylamine-d6 (NDMA-d6) was added to the 
quenched samples as a recovery standard. NDMA was extracted from water samples by 
solid-phase extraction employing cartridges pre-packed with 2 g of coconut-based charcoal 
purchased from UCT. Cartridges were pre-conditioned by passing through 
dichloromethane, methanol, and distilled deionized water, respectively. Following sample 
extraction, cartridges were dried with air for 30 min under full vacuum and eluted with 
dichloromethane. To remove water droplets remaining in the dichloromethane, eluted 
samples were passed through cartridges pre-packed with 6 g of sodium sulfate and 
concentrated to 1 mL under high purity nitrogen gas. 
The extracts were spiked with N-nitrosodi-n-propylamine-d14 (NDPA-d14) as a 
surrogate standard, and analyzed using a Varian GC 3800-MS/MS 4000 equipped with a 
RTX-5MS (Restek 30 m, 0.25 mm, 0.25 mm) column in chemical ionization mode. The 
temperature program for NDMA was held at 35oC for 5 min, ramped to 70oC at 5oC/min, 
ramped to 88oC at 3oC/min, ramped to 250oC at 75oC/min and held for 0.83 min. 
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HNM Formation Potential Test 
HNMs were detected using USEPA Method 551.1 (USEPA, 1995). HNM 
standards solutions were obtained from Orchid Cellmark (New Westminster, Canada, 
CNM 93.6%, DCNM 99+%, BCNM 91.9%, BDCNM 93.9%, DBNM 91.4%, DBCNM 
94.1%, TBNM 99+%) and Sigma–Aldrich (TCNM 99+%, BNM 99+%). For HNM FP test, 
chlorine was used as a primary disinfectant. However, water samples were initially treated 
with ozone to break the molecules apart and enhance the reaction kinetics between chlorine 
and HNM precursors, therefore, produce the highest levels of HNMs. 
Ozone was generated with a bench scale ozone generator (Model GTC-1B, Griffin 
Technics, NJ) fed with ultra-high purity oxygen gas and bubbled with fine diffusers for 
50 min to obtain a stock solution at 30-35 mg O3/L. The concentration of ozone stock 
solution was measured with a Hach DR/890 colorimeter. Ozone stock solutions were 
introduced into the water samples at an O3: DOC mass ratio of 1:1 at pH 7.8 in the presence 
of 20 mM phosphate buffer for 5 min. After that, chlorine was spiked from stock solution 
(6250 mg/L as Cl2) into the ozonated samples with a target dose of 50 mg Cl2/L for 24 h. 
After 24 h contact time, samples were quenched for residual chlorine using a stoichiometric 
amount of sodium sulfite. 
Following quenching, 10 ml were withdrawn from the sample bottles (125 ml) and 
transferred into 40 ml extraction vials and mixed with 10 ml of methyl tert-butyl ether 
(MTBE, Sigma–Aldrich), 3 g sodium sulfate, and 1 g cupric sulfate then samples were 
placed on a shaker table at 300 rpm for 30 min. After 30 min, MtBE phase of samples were 
harvested and analyzed with an Agilent 6890 gas chromatograph equipped with electron 
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capture detector (ECD) and a DB-5 column (J&W Scientific, 30 m, 0.25 mm, l mm). The 
GC temperature program used was held at 35oC for 6 min, ramped 30oC min-1 to 190oC 
and held for 1.5 min. Minimum reporting levels (MRLs) for HNMs were determined to be 
0.7 µg/L in the same manner with NDMA. 
THM Formation Potential 
THM samples were also analyzed using USEPA Method 551.1 with minor 
modifications. Samples were chlorinated with an excess amount of chlorine (50 mg/L as 
Cl2) at pH 7.5 in the presence of 20 mM phosphate buffer and hold for five days of contact 
time. After that, samples were quenched with stoichiometric amount of sodium sulfite and 
20 ml of sample transferred into 40 ml extraction vials and mixed with 10 ml of methyl 
tert-butyl ether (MTBE, Sigma–Aldrich) and 8.5 g sodium sulfate and then samples were 
placed on a shaker table at 300 rpm for 30 min. After 30 min, MtBE phase of samples were 
harvested and analyzed with a Agilent 6890 gas chromatograph (GC-ECD).  
Uniform Formation Conditions (UFC) Protocol 
The UFC protocol was originally developed to represent typical conditions in water 
distribution systems in the US (Summers et al., 1996). In this study, the UFC protocol was 
used with the following modifications: (i) Experiments were conducted at three different 
pHs (i.e. 6, 7.5, and 9), not only at pH 8 as described in the UFC protocol, in order to 
investigate the pH effect, (ii) the total combined chlorine and chloramine residuals after 24 
hr were maintained around 2 mg/L as Cl2. In Chapter VII, THMs, HAAs, and HANs were 
analyzed after treating samples with 4 mg/L chlorine and 24 h reaction time were provided 
for the samples. On the other hand, in Chapter VIII, THMs and I-THMs were analyzed 
  47 
after spiking samples with 2.3 mg/L preformed chloramine and allowing 24 h reaction time. 
Volatile DBPs including THMs, I-THMs and HANs were analyzed following 
USEPA Method 551.1 with minor modifications (USEPA, 1995). After 24 h of contact 
time HAN samples were split and quenched with ascorbic acid while THMs, I-THMs and 
HAAs were quenched with sodium sulfite prior to GC-ECD analysis. Samples (50 ml) 
were transferred into 60 ml extraction vials which was followed by addition of 3 ml of 
MtBE and 10 g of pre-oven dried sodium sulfate. The extraction vials were then placed on 
a shaker table at 300 rpm for 30 min to dissolve the salts completely. After 30 min, vials 
were placed on the bench for 10 min for phase separation. The MtBE phase was withdrawn 
and analyzed on an Agilent 6890 gas chromatograph (GC-ECD) equipped with a DB-1 
column (J&W Scientific 30m x 0.25mm x 1µm). The GC temperature program was 35 °C 
for 15 min, 25 °C/min to 145 °C and held for 3 min, 35 °C/min to 240 °C and held for 5 
min. A 2 mL injection volume was used in splitless mode. The carrier and make-up gases 
were ultra-high purity (UHP) hydrogen and UHP nitrogen, respectively. The total run time 
was 30.11 min. The injector and detector temperatures were set at 230 and 260 °C, 
respectively. The minimum reporting limit for THM, I-THM , and HAN measurements 
was 0.5 µg/L, 0.5 µg/L, and 0.5 µg/L, respectively. 
HAAs were analyzed by liquid/ liquid extraction with methyl tertiary-butyl ether 
(MtBE) followed by derivatization with acidic methanol and analyzed by GC/ECD 
according to USEPA Method 552.2 (USEPA, 1995). Samples (40 ml) were transferred to 
60 ml extraction vials and acidified with 2 ml of H2SO4 (to set the pH<2) which was 
followed by addition of 4 ml of MtBE and 8 g of sodium chloride (NaCl). The extraction 
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vials were then placed on a shaker table at 300 rpm for 30 min to dissolve the salts 
completely. After 30 min, vials were placed on the bench for 10 min for phase separation. 
The MtBE phase extracted and transferred in 10 ml borosilicate glass tubes. Methylation 
of samples were performed by addition of 1 ml of 10% H2SO4/MeOH solution, followed 
by holding the samples in a water bath for 2 hours at 50 °C. After 2 hours, samples were 
brought to room temperature, quenched with 4 ml saturated NaHCO3, and analyzed on an 
Agilent 6890 GC equipped with a DB-1 column (J&W Scientific 30m x 0.25mm x 1µm), 
and an ECD. The GC temperature program was 35 °C for 6 min, 10 °C/min to 220 °C with 
no hold. A 2 mL injection volume was used in splitless mode. The carrier and make-up 
gases were ultra-high purity (UHP) hydrogen and UHP nitrogen, respectively. The total 
run time was 24.5 min. The injector and detector temperatures were set at 200 and 300 °C, 
respectively. The minimum reporting limit for HAA measurements was 1.0 µg/L, 
determined in the same manner as before, for all species. 
Total Organic Carbon and Total Nitrogen Measurement 
Dissolved organic carbon (TOC) and dissolved nitrogen (TN) were measured using 
a Shimadzu TOC-VCHS high temperature combustion analyzer equipped with a TN module. 
TOC standards were prepared by diluting 1000 mg C/L potassium hydrogen phthalate 
solution in the range of 0.2-25 mg C/L. TN standards were prepared by diluting 1000 mg 
N/L potassium nitrate solution in the range of 0.2 - 5 mg N/L. The MRLs for these 
measurements were, determined in the same manner before, to be 0.15 mg/L and 0.1 mg/L 
for DOC and DN, respectively. 
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Ammonia Measurement 
Ammonia concentrations were measured immediately upon collection using 
salicylate method with HACH kits. Salicylate reagent was added to a 10 mL sample, and 
after 3 min, cyanurate reagent was added. After a 15 min reaction, ammonia in the sample 
was colorimetrically measured with a HACH DR/820 colorimeter. The method 
performance was checked on a regular basis by measuring a 0.4 mg/L ammonia solution 
using a certified ammonia nitrogen standard solution (HACH). 
Detection of Anions 
A Dionex ICS-2100 ion chromatography system (Dionex, Sunnyvale, CA) equipped 
with an anion atlas electrolytic suppressor (AAES) was used to determine chloride, nitrite, 
bromide, nitrate and iodide anions in aqueous solutions. The mobile phase for the system 
was 20 mM KOH and a Dionex AS-19 column coupled with an AG-19 guard column were 
used for separation. The injection volume was 250 µl.  
The chloride, nitrite, bromide, nitrate and iodide standards were prepared by diluting 
1000 mg/L IC standards (Fluka, TraceCERT ®) in the range of 5-1000 µg/L. The minimum 
reporting limit for chloride, nitrite, bromide, nitrate and iodide was, calculated in the same 
manner, 5 µg/L, 20 µg/L, 10µg/L, 15 µg/L, and 25 µg/L, respectively. 
Dissolved Organic Nitrogen Measurement 
In this study, dissolved organic nitrogen (DON) concentrations were determined 
through subtraction as given below. 
DON= DN - NO3-N - NO2-N - NH4+  Equation 4.1 
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TOCl, TOBr, and TOI Measurements 
TOCl, TOBr, and TOI was determined using an Analytic Jena Multi X 2500 TOX 
Analyzer (Analytikjena, Jena, Germany) coupled with off-line Dionex ICS-2100 ion 
chromatography system, according to a method described elsewhere (Hua and Reckhow, 
2006). Water samples were acidified with sulfuric acid adjusted to pH ≤ 2 and 50 ml of 
sample passed through two activated carbon microcolumns in series using a Analytikjena 
Sample adsorption unit (APU2; Analytikjena, Germany). The activated carbon columns 
were then washed with aqueous sodium nitrate solution (20 mL, 6.85 g/L NaNO3) to 
remove inorganic halides. Both columns were manually transferred into the furnace and 
burned for 20 min at 950 °C. After that, off-gas was collected in 20 ml of DDI and analyzed 
in the ICS-2100 for Cl-, Br-, and I- concentrations.  
UV254 Absorbance 
Ultraviolet (UV) absorbance at 254 nm was measured using a Cary 50 UV-Vis 
spectrophotometer (Varian) based on Standard Method 5910B (APHA et al., 2005). 
Samples were placed in a 1 cm quartz cuvette and measured at a wavelength of 254 nm. 
pH 
The pH values for all samples were measured using a SM 4500-H+ pH electrode with 
a VWR Symphony pH meter (VWR). The pH meter and electrode were calibrated using 
standard pH 2, 4, 7 and pH 10 buffer solutions before use. 
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Analytical Methods 
A summary of the parameters, analytical methods, instruments and minimum 
reporting level (MRL) are presented in Table 4.2. 
Table 4.2. Analytical methods and minimum reporting levels 
Parameters Units Measurement Method Equipment 
Minimum 
Reporting 
Levels 
DOCa (mg/L) SMb 5310B TOC-VCHS, Shimadzu Corp. 0.1 
DN (mg/L) High Temp.Combstionstion 
Shimadzu TOC-
VCHS & TNM-1 0.1 
UV Absorbancec cm-1 SM 5910 Varian Carry 50 ±0.004 
Cl-, 
Br-,  
I-, 
NO3-,  
NO2-,  
(µg/L) USEPA Method 300 ICS-2100, Dionex Corp. 
Cl-: 5 
Br-: 10 
I-: 20 
NO3-: 15 
NO2-: 20 
pH s.u. SM 4500-H+ VWR Symphony ±0.01d 
THMs 
 
(µg/L) 
 
USEPA Method 551.1 
 
 
Agilent 6890  
GC-ECD 
 
0.5 
HAAs 1.0 
HANs 0.5 
HNMs 0.7 
I-THMs 0.5 
NDMA (ng/L) USEPA Method 521 Varian GC/MS/MS 3.0 
Residual 
Free/Combined 
Chlorine 
(mg/L) SM 4500-Cl F NAe 0.05 
a Reagent grade potassium hydrogen phthalate was used to prepare external standards. Precision ranged from 
0.05 to 0.15 mg/L.  
b Standard methods.  
c Measured at wavelengths of 254 nm using a 1 cm cell.  
d Accuracy (standard pH units). e NA: Not applicable.   
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   CHAPTER FIVE 
N-NITROSODIMETHYLAMINE (NDMA) PRECURSOR LEACH FROM 
NANOFILTRATION MEMBRANES 
Introduction 
N-nitrosodimethylamine (NDMA) forms during drinking water and wastewater 
treatment, mainly as a result of reactions between chloramines and organic nitrogen 
containing precursors (Choi and Valentine, 2002; Russell et al., 2012). NDMA has been 
the dominant specific N-nitrosamine detected in US distribution systems where 
monochloramine is used as the post-disinfectant (Mitch and Sedlak, 2002). A life time 
cancer risk of 10-6 was estimated by the US Environmental Protection Agency from the 
exposure of drinking water containing 0.7 ng/L of NDMA (USEPA, 2002). Due to health 
concerns, the California Department of Health Services set an NDMA action level of 10 
ng/L (CDPH, 2010). Though there has not been a federal regulation for nitrosamines in 
drinking water in the United States, the USEPA currently considers nitrosamines as one of 
the potential groups of contaminants for future regulatory action (Roberson, 2011). 
NDMA precursor sources can be classified into two main categories: natural and 
anthropogenic. Algae, natural organic matter (NOM) and its fractions, dissolved organic 
nitrogen in natural waters, and soluble microbial products have been considered as natural 
sources of NDMA precursors (Chen and Valentine, 2007; Dotson, 2007; Gerecke and 
Sedlak, 2003; Krasner et al., 2008a; W. A. Mitch and Sedlak, 2004). Amine-containing 
polymers (Kohut, 2003; Najm and Trussell, 2000; Wilczak et al., 2003), anion exchange 
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resins (Gan et al., 2013), pharmaceuticals and personal care products, fungicides, 
pesticides, and herbicides (Chen and Young, 2008; Schmidt and Brauch, 2008), effluent 
impacted waters (Guo and Krasner, 2009; Schreiber and Mitch, 2006; Shah and Mitch, 
2012), and constituents released from different materials (rubber seals, gaskets etc.) have 
been identified as anthropogenic sources of NDMA precursors (Morran et al., 2011; Teefy 
et al., 2011). 
Nanofiltration (NF) membranes are widely used in water treatment because of their 
ability to remove various contaminants, including harmful trace organics, viruses, and 
dissolved organic matter. NF membranes are generally made from polyamide composites, 
cellulose acetate blends, and polypiperazine-amide, but the exact chemistry is wide-
ranging and several additives and surface coating substances are employed (Tang et al., 
2009). Any non-covalently bound chemicals can potentially be released to the product 
water during the membrane filtration. Whether some of the chemicals released from NF 
membranes (or any membranes, for that matter) are precursors to NDMA formation has 
not been addressed previously. Some studies have been conducted on the removal of 
NDMA precursors by membranes (Miyashita et al., 2009; Schmidt and Brauch, 2008),  but 
these did not mention NDMA precursor leaching either because the authors conducted the 
experiments to examine the removal of model NDMA precursors or the NDMA formation 
potential tests were conducted after a long period of membrane module operation.  
This study adds knowledge to the literature in two ways: i) evaluation of potential leaching 
of N-nitrosodimethylamine (NDMA) precursors from different types of NF membranes 
and ii) investigation of cleaning techniques to minimize leaching. 
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Materials and Methods 
Five commercially available NF membranes (ESNA 1 LF2, NF 270, TS40, TS80, 
and SB90) made of different materials (polyamide, polypiperazine amide, and cellulose 
acetate) were obtained (Table 5.1).  
Table 5.1. Characteristics of Nanofiltration Membranes  
Designation Manufacturer Polymer Type
Molecular 
Weight Cut-
Off   (Da)
NaCl 
Rejection 
(%)
pH 
range 
(at 25 o C)
Typical Flux 
(L/m2 .hr)/psi
ESNA 1-LF2 Hydranautics Polyamide 200 80 2-10 21/75
NF270 Dow Filmtech Polyamide 200-400 99 2-11 72-98/130
TS40 Trisep Polypiperazine amide 200 40-60 2-11 34/110
TS80 Trisep Polyamide 150 80-90 2-11 34/110
SB90 Trisep Cellulose acetate 150 85 * 51/225
*pH range was not available from the manufacturer. 
 
All filtration experiments were conducted under constant operating pressure at 34.5 bar 
(500 psi) using a cross-flow filtration cell described elsewhere (Ladner et al., 2010) 
(Appendix A). Membrane coupons were cut into 140 cm2 pieces for these tests. During 
filtration experiments, 500 ml sample were collected from the permeate side of the 
membranes in different intervals and NDMA formation potential (NDMA FP) tests were 
conducted. A detailed information about the FP tests was provided elsewhere (Gan et al., 
2013; Selbes et al., 2013). In brief, during the FP tests, collected permeate samples were 
reacted with excess chloramine solution (100 mg/l as Cl2) at pH 7.8 in the presence of a 
phosphate buffer, and stored in the dark for five days to provide complete reaction of 
NDMA precursors with chloramine to yield NDMA. After five days of reaction time 
residual chloramine concentrations were measured and samples were quenched 
accordingly with a stoichiometric amount of sodium thiosulfate. In this study, it should be 
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noted that the NDMA FP tests were conducted under excess chloramine dose (100 mg/L 
as Cl2) rather than practical doses (2-3 mg/L) to determine the highest concentration of 
NDMA that could form. Before each filtration experiment, NDMA FP tests were 
conducted for DDI to determine initial, background levels. NDMA was analyzed during 
the formation potential experiments following USEPA method 521 (USEPA, 2004). After 
five days of reaction time residual chloramine concentrations were measured and samples 
were quenched accordingly with sodium thiosulfate. Prior to extraction, N-
nitrosodimethylamine-d6 (NDMA-d6) was added to the quenched samples as a recovery 
standard. NDMA was extracted from water samples by solid-phase extraction. The extracts 
were spiked with N-nitrosodi-n-propylamine-d14 (NDPA-d14) as a surrogate standard, and 
analyzed using a Varian GC 3800-MS/MS 4000 equipped with RTX-5MS (Restek 30 m, 
0.25 mm, 0.25 mm) column in chemical ionization mode. The minimum reporting level of 
the method was determined to be 3 ng/L (Table 4.1). In this study, NDMA FP analysis 
consisted of two injections of one sample. The bars in data plots represent mean values, 
and the error bars show the data range. 
Membrane Cleaning Procedures  
Membranes were cleaned using three procedures: (1) distilled and deionized water (DDI) 
alone, (2) sequential application of base (NaOH at pH 10.5) and acid (HCl at pH 2.5), and 
(3) 1 mg/L free chlorine (as NaOCl). During the study, the pH of the DDI water and 
chlorine cleaning solution was 6.8 and 8.1, respectively. At the end of each cleaning 
procedure, membranes were thoroughly rinsed with distilled deionized water until no 
residual cleaning chemical remained in the permeate water. Residuals of acid-base and 
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chlorine cleaning were monitored in the permeate by measuring pH and chlorine levels, 
respectively. Chlorine was determined following Standard Method 4500-Cl F (APHA et 
al., 2005). 
Results and Discussion  
 Figure 5.1 displays the NDMA formation potential leaching from NF membranes 
as a function of DDI water volume passed through the three different membranes from the 
same manufacturer. Afterwards, the results were compared with DDI FP potentials given 
in Figure 5.1. Regardless of the membrane type, leaching of NDMA precursors (> 150 
ng/L NDMA FP) from membranes was higher than background DDI FP value. Previous 
researchers also investigated the leaching potentials of different water treatment chemicals 
such as resins and polymers. The results indicated that application of these chemicals 
during water treatment enhanced NDMA precursor concentrations in the treated water 
effluent from low levels (~20 ng/L) to very high levels (~600 ng/L) (Gan et al., 2013; Park 
et al., 2009). Therefore, the detected levels of NDMA leached from resins and polymers 
were comparable to levels observed in this study (~50-550 ng/L). 
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Figure 5.1. Leaching potentials of NF membranes for different materials.  
Error bars indicate the concentration range obtained from two measurements of one 
sample. *DDI water used as background solution. Samples of 500 ml were collected from 
the permeate side of the membranes for NDMA analysis. 
 
NDMA precursor leaching potentials of membranes was also investigated for 
various brands in a subsequent set of experiments (Figure 5.2). The results suggest that the 
leaching phenomenon was not specific to one single manufacturer. Also variability was 
observed in the leaching from different coupons of the same membrane. While the specific 
source of precursors is unknown, a possible explanation is that precursor leaching is caused 
by incomplete reactions of polymers or additives in the manufacturing process. Precursors 
could come from the active layer or the support layers of the membrane. 
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Figure 5.2. Leaching potentials of NF membranes for different manufacturers.  
Error bars indicate the concentration range obtained from two measurements of one 
sample. *DDI water used as background solution. Samples of 500 ml were collected from 
the permeate side of the membranes for NDMA analysis. 
 
 NDMA precursor release from TS80 membrane was also monitored during wetting 
of membrane overnight in a glass jar filled with DDI water; however, the NDMA formation 
potential of the DDI did not increase even after 24 hr (Appendix A). Pressure and flux were 
required to release the precursors, suggesting that they were tightly entrapped within the 
polymeric structure.  
To further investigate the leaching potential and cleaning of the TS80 and TS40 
membranes, a large volume of water was processed (Figure 5.3). The initial permeate 
NDMA FP dropped rapidly after passing 350 L/m2 of DDI. Leaching continued through 
duration of the experiment (up to 3900 L/m2 ), but the FP levels were approaching those of 
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the DDI water. In Figure 5.3, the total time spent for filtration was around 26 hours and the 
flux observed during filtration was around 155 L m-2 h-1.  
 
Figure 5.3. Large volume DDI wash of NF membranes.  
Error bars indicate the concentration range obtained from two measurements of one 
sample. *DDI water used as background solution. Samples of 500 ml were collected in 
different intervals from the permeate side of the membranes for NDMA analysis. 
  
This suggests that under full-scale operation fluxes (about 15-25 L m-2 h-1), 
reduction in precursor levels to below the observed values at 155 L m-2 h-1 may take more 
than 26 hours. However, predicting actual occurrence at full-scale is beyond the scope of 
this work; further site-specific measurements would be needed.  
In practice, acidic and basic solutions are used to remove foulants from membranes 
(Shi et al., 2014). In this study the effectiveness of acids and bases for NDMA precursor 
removal from membranes was tested for the TS80 polyamide membrane. Initially, the pH 
of the DDI solution was adjusted to 10.5, and then passed through the membrane. Results 
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showed that passing the basic solution reduced the amount of NDMA FP leaching from the 
membrane to ~70 ng/L, which was still above the DDI water FP level (20 ng/L). Afterward, 
the feed solution was replaced with a pH 2.5 solution and passed through the same 
polyamide membrane (TS80). Here there was an initial increase in the NDMA FP of the 
permeate, which then decreased to the levels of the basic cleaning (Figure 5.4). In 
summary, neither basic nor acidic conditions reduced FP leaching below that of DI water 
flushing. It would be interesting to determine whether this result holds for other membrane 
materials.  
  
Figure 5.4. Base and acid cleaning of TS80 membrane.  
Error bars indicate the concentration range obtained from two measurements of one 
sample. DDI water was adjusted to pH 10.5 and 2.5 before use as background solution. 
Samples of 500 ml were collected in different intervals from the permeate side of the 
membranes for NDMA analysis. 
 It is known that chlorination reduces the formation of NDMA by deactivating its 
precursors (Schreiber and Mitch, 2007; Selbes et al., 2013). Therefore, the effectiveness of 
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chlorine on deactivation of NDMA precursors was investigated using a DDI feed solution 
containing 1 mg/L chlorine that was passed through all three (TS80, TS40 and SB90) 
membranes. As a result of this cleaning, the NDMA precursor leaching potential of TS80, 
TS40 and SB90 membranes significantly decreased, and NDMA FP levels in the permeate 
solutions approached the NDMA FP level of DDI water (Figure 5.5). 
 
Figure 5.5. 1 mg/L Cl2 and DDI water cleaning of TS80, TS40, and SB90 membranes. 
Error bars indicate the concentration range obtained from two measurements of one 
sample. * DDI water used as background solution. Samples of 500 ml were collected in 
different intervals from the permeate side of the membranes for NDMA analysis. 
 
After cleaning the membrane with the 1 mg/L chlorine solution, the system was 
flushed with DDI to remove residual chlorine, and then a DDI feed solution with no 
chlorine was passed through the membranes to evaluate whether the leaching of precursor 
ceased or not. Results showed that the NDMA FP of the TS80 and TS40 membranes close 
to DDI levels, the SB90 membrane had an increase in NDMA FP. One plausible 
  62 
explanation may be the chlorine concentration was insufficient to completely deactivate or 
remove NDMA precursors from the SB90 membrane due to the nature and quantity of 
precursors in the SB90 material. 
The effect of chlorine cleaning on the polyamide membrane surface chemistry was 
also examined with attenuated total reflectance - fourier transform infrared spectroscopy 
(ATR-FTIR) and zeta potential measurements. These techniques revealed that chlorine 
cleaning did not make a measurable impact on the surface characteristics of the studied 
membrane (Figure A-2 in Appendix A). Furthermore, a comparison of the absolute flux 
and salt rejection for the membranes that were exposed to chlorine or only DDI water was 
made. Membrane flux and salt rejection also were not significantly altered by the 1 mg/L 
chlorine cleaning (Figure A-4 & 5 in Appendix A). These findings are limited to the 
membrane studied here and to the chlorine dose (1 mg/L) and contact time (1.8 hours of 
permeation) used. Other membranes may be less chlorine tolerant, and higher doses may 
be problematic. However, some currently-available membranes produced for water and 
wastewater treatment have 1-10 ppm maximum continuous chlorine tolerance to allow for 
cleaning (and prevention) of biofouling (Glater et al., 1994). If NDMA precursors leach 
from those membranes, they could likely be eliminated by chlorination with little or no risk 
of membrane damage.  
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Conclusions 
This study showed that NDMA precursors leach from five different NF membranes 
(three materials) which were obtained from three different membrane manufacturers; thus, 
it is important to pay attention to the leaching of such precursors in both laboratory NDMA 
studies and in practical applications. While long-term use of the membranes will likely 
remove all of the available precursors, NDMA formed during the startup period of a 
membrane unit process could be significant if chloramine is used as a disinfectant. It should 
be noted that the observed high NDMA FPs in this study, at high chloramine doses (100 
mg/L as Cl2), may or may not be a concern for the water treatment facilities due to the low 
chloramine doses applied in practice (usually 2-3 mg/L). The actual NDMA concentrations 
in real plants would be lower than the concentrations observed in these experiments. 
Washing membranes with a low dose of chlorine (e.g., 1 mg/L) is suggested here as one 
possible method to minimize the leaching of NDMA precursors from TS80 and TS40 NF 
membranes. This idea is supported in a “proof-of-concept” manner and would need to be 
further evaluated in practice. Alternatively, chlorination prior to ammonia addition for 
chloramination may also be a viable option to reduce the formation of NDMA in the 
product water, as long as it does not result in high levels of regulated DBPs (i.e., THMs 
and HAAs). Lastly, leaching of NDMA FP from membranes should be considered during 
laboratory testing and research related to NDMA. 
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   CHAPTER SIX 
THE CONTROL OF N-NITROSODIMETHYLAMINE, 
HALONITROMETHANE, AND TRIHALOMETHANE PRECURSORS BY 
NANOFILTRATION 
Introduction 
Disinfection is a required process in drinking water treatment worldwide to eliminate 
pathogenic microorganisms. However, an unintended consequence is the formation of 
disinfection by-products (DBPs) due to the reaction between precursors and oxidants. 
Owing to various health effects posed by DBPs, the US Environmental Protection Agency 
(USEPA) has been imposing increasingly stringent regulations for DBPs under the 
Disinfectants/DBP Rule (D/DBPR) (USEPA, 2013). The Stage 2 D/DBPR requires water 
utilities to comply with maximum contaminant levels for TTHM4 (bromodichloromethane 
[BDCM], bromoform [CHBr3], chloroform [CHCl3], dibromochloromethane [DBCM]) 
and HAA5 (dibromoacetic acid [DBAA], dichloroacetic acid [DCAA], monobromoacetic 
acid [MBAA], monochloroacetic acid [MCAA], trichloroacetic acid [TCAA]) at 80 µg/L 
and 60 µg/L, respectively, as a locational running annual average in distribution systems 
(Table 1.1). As a result, water utilities have in some cases switched to alternative 
disinfectants (e.g., chloramine, chlorine dioxide, and ozone) to reduce the formation of 
THMs and HAAs, which are the major DBPs of chlorination. Nevertheless, other 
unregulated DBPs such as N-nitrosodimethylamine (NDMA) and halonitromethanes 
(HNMs) have been observed during chloramination and ozonation-chlorination, 
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respectively (Chen and Valentine, 2006; Krasner et al., 2006; Mitch et al., 2003a; Nawrocki 
and Andrzejewski, 2011; Selbes et al., 2014, 2013; Song et al., 2010). NDMA is reported 
to be a potential human carcinogen and has been detected mainly in distribution systems 
during chloramination of finished waters (Russell et al., 2012). Due to health concerns 
associated with NDMA, the California Department of Health Services set an NDMA action 
level of 10 ng/L (CDPH, 2010). USEPA has been considering NDMA for regulation during 
its six years review of the D/DBPR. It has also been reported that HNMs are one of the 
most cytotoxic and genotoxic classes among the emerging DBPs, having orders of 
magnitude higher toxicity than the regulated THMs and HAAs (Plewa et al., 2004a).  
One of the approaches to control the formation of DBPs during water treatment is to 
eliminate their precursors before oxidant addition. Various treatment techniques including 
enhanced coagulation, powdered and granular activated carbon adsorption, ion exchange, 
nanofiltration (NF) and reverse osmosis have been studied for this purpose (Beita-Sandí et 
al., 2016; Boyer and Singer, 2005; Gan et al., 2013; Krauss et al., 2010; Miyashita et al., 
2009; Schmidt and Brauch, 2008; Snyder et al., 2007; Uyak et al., 2007). Although the 
removal efficiency of NDMA precursors (e.g. DMA, MEA, DEA, DPA, DMS, ranitidine, 
DMAE, DMAP, Michler’s ketone, DMHA, and gramine) by NF membranes has been 
evaluated for selected model precursors (Krauss et al., 2010; Miyashita et al., 2009; 
Schmidt and Brauch, 2008), there is very limited information about NF removal of 
precursors from natural source waters with different water characteristics (Snyder et al., 
2007; Woods et al., 2016). Natural organic matter (NOM) is known as one of the main 
precursor of THMs, which is generally associated with higher molecular weight organic 
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molecules as opposed to NDMA precursors (Gerecke and Sedlak, 2003; Krasner et al., 
2013; Mitch and Sedlak, 2004), which are mostly related to small molecular weight 
compounds (Gerecke and Sedlak, 2003; Krasner et al., 2009; Mitch and Sedlak, 2004; 
Pehlivanoglu-Mantas and Sedlak, 2008; Selbes et al., 2013). Several studies have examined 
the removal of NOM from laboratory simulated and natural waters by NF (Braghetta et al., 
1997; Cho et al., 1999; Hong and Elimelech, 1997; Schafer et al., 1998). These studies 
have shown that solution characteristics had an impact on size and structure of molecules 
as well as the conformation of the membrane surface (Ghosh and Schnitzer, 1980). Even 
though several studies have examined the removal of THM precursors by NF due to 
regulatory concerns, there is a lack of information regarding the removal of unregulated 
DBP precursors (e.g., NDMA, HNMs) by NF membranes.  
The objective of this study was to examine the removal of selected unregulated (i.e., 
NDMA and HNMs) and regulated THM precursors by NF membranes under varying 
background water chemistry conditions. The removal of these precursors from two 
municipal wastewater treatment plant effluents, one industrial wastewater effluent, one 
wastewater impacted surface water, and one non-impacted surface source was evaluated. 
Experiments were conducted at different pH (6-9), ionic strength (0.005-0.05 M), Ca2+ 
concentration (6 - 60 mg/L), and with different NF membranes to assess the effectiveness 
of NF filtration on DBP precursor control. To the best of our knowledge, this is the first 
study in the literature providing a side-by-side comparison of NDMA, HNM, and THM 
precursor removals under various water chemistry conditions. The results provide insights 
about the control of emerging and regulated DBP precursors using NF membranes. 
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Materials and Methods 
Filtration Experiments 
 
Three commercially available flat sheet polyamide thin film composite NF 
membranes, TS80, ESNA 1-LF2 and NF270 (TriSep Corp., Hydranautics, and FilmTec 
Corp., respectively) were tested (Table 6.1).  
Table 6.1. Membrane Characteristics 
a Specified by the manufacturer. 
b Information obtained from the literature (Li and Elimelech, 2004). 
In each experiment, membranes were initially cleaned following a procedure 
described elsewhere (Ersan et al., 2015) to prevent the leaching of NDMA precursors from 
the membranes. In brief, membranes were flushed with ~ 5 L of 1 mg/L chlorine solution. 
Afterwards, the feed tank solution was replaced with distilled and de-ionized (DDI) water 
and membranes were flushed until no residual chlorine remained in the permeate side. All 
experiments were carried out at 251°C and at a pressure of 34.5 bar (500 psi) using a 
cross-flow filtration cell (Appendix A-1). The effective area of the membrane cell was 140 
Designation ESNA 1-LF2 TS80 NF270 
Manufacturer Hydranautics Trisep Dow Filmtech 
Active Layer Compositiona Polyamide Polyamide Polyamide 
MWCO (Dalton)a 200 150 200-400 
NaCl Rejection (%)a 80 80-90 99 
pH Range (25oC)a 2-10 2-11 2-11 
Typical Flux (L.m2.hr-1.psi-1)a 21 / 75 34 / 110 72-98 / 130 
Surface Charge (at pH:7)  Negativea Sligthly Negativea Highly Negativeb 
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cm2. Treated water samples were collected in 500 mL amber glass bottles from the 
permeate side of the membrane and tested for desired analytes.  
The removal efficiency, R (%) was calculated as 
 " = 1 − &'	&) ∗ 100 Equation 6.1 
where Cp is the concentration in the permeate and Cf is the concentration in the feed.  
During filtration experiments, flux data were also obtained and normalized according 
to Equation 6.2 to account for flux changes with changing background water characteristics 
and coupon to coupon variability. 
 ,- = .)./0  Equation 6.2 
Here JN is the normalized flux, Jf is the final flux at the end of the experiment, and Jcw is 
the clean-water flux, measured using DDI water.  
Experimental Design 
In this study three sets of experiments were systematically conducted to evaluate the 
effect of different variables on the removal of DBP precursors. The first experimental set 
was to determine the effect of source water type on NDMA, HNM and THM precursor 
removal using one membrane (TS80). There were five different source waters (Table 6.2): 
a non-impacted surface water (SW) that serves as a source for a drinking water treatment 
plant, a wastewater impacted surface water (ISW), treated effluents of two municipal 
wastewater treatment plants (WWTP-1, WWTP-2), and an industrial (textile 
dying/finishing) wastewater treatment plant (IWWTP) effluent.  
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Table 6.2. Selected Water Characteristics of Source Waters 
Parameter SW ISW WWTP-1 WWTP-2 IWWTP  
UV254nm 0.06 0.30 0.13 0.11 0.24 
DOC (mg C/L) 2.2 6.5 5.3 4.5 26 
SUVA254  (L/mg/m) 2.63 4.55 2.45 2.4 0.91 
DON (mg/L) 0.6 0.6 4.9 9.7 0.6 
NH3+  (mg/L) 0.025 0.075 4 0.025 2 
Ca 2+ (mg/L) 5 4 5 20 2 
pH 7.7 7.2 7.6 7.4 8 
Ionic Strength                   
(Molar as NaCl) 8x10
-4 9x10-4 3.1x10-3 1x10-2 4.8x10-3 
NDMAFP (ng/L) 112 148 1078 629 193 
HNMFP (µg/L) 7 14 27 46 16 
THMFP (µg/L) 230 578 244 351 1092 
SW: Surface Water; ISW: Impacted Surface Water; WWTP-1: Municipal Wastewater 
Treatment Plant-1; WWTP-2: Municipal Wastewater Treatment Plant-2; IWWTP: 
Industrial Wastewater Treatment Plant. 
Water samples were immediately filtered with pre-washed 0.2 µm cartridge filters 
(Whatman™ Polycap™ TC) upon arrival at the laboratory to eliminate biological activity 
and were stored for no longer than 10 days at 4°C in the dark.  
The second experimental set was to evaluate the effect of membrane type on the 
removal of NDMA and THM precursors. The experimental matrix is given in Table B-1 
(Appendix B). The municipal WWTP effluent (Table 6.3) was used and three membranes 
were evaluated: TS80, NF270, and ESNA.  
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Table 6.3. Water Characteristics for pH and Ionic Strength Experiments Using Different 
NF Membranes 
Parameter WWTP-1 
UV254nm 0.0966 
DOC (mg/L) 4.7 
SUVA254 (L/mg/m) 2.1 
DON (mg/L) 3.4 
Ca2+ (mg/L) 12 
*pH 7.2 (6* - 9*) 
*Ionic Strength (Molar as NaCl) 0.0032 (0.005* - 0.05*) 
NDMA FP (ng/L) 544 
HNM FP (µg/L) ND 
THM FP (µg/L) 308 
*Values were adjusted according to desired levels. WWTP-1: Municipal Wastewater 
Treatment Plant-1. ND: Not Detected 
The third experimental set was to evaluate the effects of pH, ionic strength, and 
Ca2+ concentration on DBP precursor removal. TS80 polyamide membrane was used along 
with two source waters: municipal and industrial WWTP effluents (Table 6.4). Using 
factorial design, eight different experiments were performed per water type. Table B- 2 & 
3 (Appendix B) show the experimental matrices (one for each water type). Feed solutions 
were adjusted to the target pH values by addition of HCl or NaOH. Ca2+ and ionic strengths 
of the feed solutions were adjusted sequentially to keep the target ionic strength 
concentrations the same for the waters under analogous experimental conditions.  
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Table 6.4. Water Characteristics for pH, Ionic Strength, and Ca2+ Experiments 
Parameter WWTP-1 IWWTP 
UV254nm 0.050 0.337 
DOC (mg/L) 1.9 9.7 
SUVA254 (L/mg/m) 2.6 3.5 
DON (mg/L) 2.3 1 
*pH 7.5 (6* - 9*) 
*Ionic Strength (Molar as NaCl) 0.0016 (0.005* - 0.05*) 
*Ca2+ (mg/L) 6 (6 - 60*) 
NDMA FP (ng/L) 576 71 
HNM FP (µg/L) 12 52 
THM FP (µg/L) 139 695 
*Values were adjusted according to desired levels. WWTP-1: Municipal Wastewater 
Treatment Plant-1, IWWTP: Industrial Wastewater Treatment Plant. 
While the target Ca2+ levels were adjusted with CaCl2 addition, the ionic strengths of 
the samples were adjusted by addition of NaCl, and the concentration was expressed in 
molar units as NaCl (Fisher Scientific, Pittsburgh, PA).  
Statistical Analysis 
To optimize the time required for experiments and to decrease the storage time for 
water samples, the experiments were conducted using an unreplicated 23 factorial treatment 
structure with the factors: Ca2+ (6 or 60 mg/L), pH (6 or 9) and ionic strength (0.005 M or 
0.05 M). The selections of the levels for the factors were made based on characteristics of 
typical surface and wastewater impacted water sources. Because the experiments were 
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unreplicated, there were no degrees of freedom for estimating experimental error. To obtain 
a surrogate estimation of the experimental error, the mean squares for two- and three-factor 
interactions were combined. This approach provides a conservative procedure in that p-
values computed using this approach can be larger than the true p-value and may reject the 
null hypothesis less often than it should be rejected (Oehlert, 2003). If the null hypothesis 
is rejected, there is an indication of a significant effect due to the factor. Statistical analysis 
was performed using SAS 9.3 software. 
Results and Discussion  
Characteristics of Water Sources 
In the examined waters, DOC, SUVA254 and ionic strength ranged between 2.2 - 26 
mg/L, 0.9 - 4.6 L/mg/m, and 8x10-4 - 1x10-2 M (as NaCl), respectively. The two municipal 
wastewater effluents had distinctly higher DON and ionic strength levels as compared to 
other waters. pH values of all the waters were between 7.2 – 8.0. The DBP FPs of the 
samples ranged from 112 - 1078 ng/L for NDMA, 7 - 46 µg/L for HNM, and 230 - 1092 
µg/L for THM (Table 6.2). Among the examined waters, municipal wastewater effluents 
have higher NDMA and HNM formation potentials as compared to non-impacted and 
impacted surface water sources. This may be attributed to the abundance of reactive 
NDMA and HNM precursors in wastewater sources. THM FP values varied and were 
highest in the industrial effluent. In the studied waters, THM levels always correlated well 
with the DOC concentrations (~90%).  
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While municipal WWTP-1 effluent samples were collected at three different times 
(Table 6.2, 6.3 and 6.4), industrial WWTP effluent samples were collected twice for 
different sets of experiments (Table 6.2 and 6.4). The observed levels of DBPs in municipal 
WWTP-1 ranged between 544 - 1078 ng/L, 139 - 308 µg/L, ND - 27 µg/L, while in 
IWWTP they were between 71 - 193 ng/L, 695 - 1092 µg/L, and 16 - 52 µg/L for NDMA, 
THM, and HNM, respectively. These variations in water qualities suggests that not only 
the availability but also the reactivity of precursors in source waters may change based on 
the time of sample collection, which in turn results in variability in formation potential of 
DBPs.  
Removal of NDMA, HNM and THM Precursors 
The removal efficiencies of the TS80 NF membrane for NDMA, HNM, and THM 
precursors are shown in Figure 6.1; they were 57-83%, 48-87%, and 72-97%, respectively. 
In general, the removal of THM precursors was higher than those of NDMA and HNM 
precursors. The observed higher removal efficiencies of THMs were attributed to the 
higher molecular weight of THM precursors (i.e., NOM) than NDMA precursors, which 
has been linked to small molecular weight compounds of anthropogenic origin (Gerecke 
and Sedlak, 2003; Krasner et al., 2013; Mitch and Sedlak, 2004). The focus of this analysis 
is on size exclusion as the main mechanism responsible for differences in transport among 
precursor types; however, it is recognized that other factors such as physicochemical 
characteristics of the precursors (i.e., hydrophilicity, hydrophobicity, charge, etc.) might 
also affect the overall removal process. 
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Figure 6.1. The removal NDMA, HNM, and THM precursors from different source 
waters using the TS80 membrane 
SW: Surface Water; ISW: Impacted Surface Water; WWTP-1: Municipal Wastewater 
Treatment Plant-1; WWTP-2: Municipal Wastewater Treatment Plant-2; IWWTP: 
Industrial Wastewater Treatment Plant. 
Ascertaining the chemical structure and properties of precursors in a more detailed 
way is beyond the scope of this work, but is an interesting endeavor that should be pursued. 
More developments in structure and property knowledge will enable a better understanding 
of the mechanisms at play in membrane transport of DBP precursors. 
Focusing on the NDMA data in Figure 6.1, precursor removals from different sources 
varied according to the following sequence: WWTP-2 > WWTP-1 > ISW > SW > IWWTP. 
Higher NDMA precursor removals were observed for the effluents of the two municipal 
wastewater treatment plants (WWTP-2 and WWTP-1) and for the impacted surface water 
(ISW) than for the non-impacted surface water (SW) and industrial wastewater effluent 
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(IWWTP). This suggests that municipal wastewater effluents and impacted surface waters 
tested either contained relatively larger precursors or some particle-associated NDMA 
precursors (Mitch and Sedlak, 2004). The lower NDMA precursor removal observed for 
the industrial wastewater effluent and the non-impacted surface water was attributed to the 
presence of small molecular sized NDMA precursors. These results suggest that NDMA 
precursors originating from different sources can be different in terms of their molecular 
sizes (or perhaps other properties), which in turn affects their rejection by NF membranes. 
Focusing on the HNM data in Figure 6.1, precursor removals varied according to the 
following sequence WWTP-2 > IWWTP > ISW > SW > WWTP-1. It is notable that in one 
case the HNM precursor removal was much lower than NDMA precursor removal, while 
in the other cases HNM precursors were removed similarly to or to a greater extent than 
NDMA precursors. The finding indicates that the size and/or chemical characteristics of 
HNM precursors varied from source to source, and the size and types of HNM precursors 
were different than those of NDMA. 
Focusing on the THM data in Figure 6.1, the precursor removal sequence was as 
follows: IWWTP > WWTP-2 > ISW > WWTP-1 > SW. In all studied water sources, the 
removal of THM precursors by the NF membrane was higher than NDMA or HNM 
precursors, which suggests that THM precursors are relatively large as compared to NDMA 
and HNM precursors. The largest THM precursors were apparently in the industrial 
wastewater (IWWTP), with the impacted source water (ISW) and one of the municipal 
wastewater effluents (WWTP-2) also having fairly large THM precursors. The other 
municipal wastewater effluent (WWTP-1) and the non-impacted surface water (SW) 
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apparently had smaller THM precursors. Previous studies have shown that the removal of 
THM precursors by NF membranes ranged between 41-98% (Ángeles et al., 2008; 
Chellam, 2000; Golea et al., 2016; Lin et al., 2006); which is comparable with the values 
observed in this study.  
Most of the data presented here are comparisons between feed and permeate precursor 
formation potentials. It would also be useful to measure the precursors directly rather than 
relying on formation potential tests alone. The molecular structure of the precursors is not 
known, so direct measurements are not possible, but the bulk DOC and DON were 
measured in an effort to draw correlations. Overall the removal of DOC and DON from the 
studied source waters ranged between 77 to 97% and 37 to 80%, respectively (Figure 6.2).  
 
Figure 6.2. Removal of DOC and DON by TS80 NF membrane from different water 
sources. 
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When percent removal of DBPs was plotted as a function of DOC removal (Figure 6.3), 
there was a high correlation between THMFP and DOC removal (r2 = 0.90) (Figure 6.3-a), 
which suggests that percent DOC removals can be used as a surrogate parameter for THM 
precursor removals. On the other hand, a much weaker correlation (r2 = 0.46) was observed 
for HNM precursor removals (Figure 6.3-b) while no correlation was seen for NDMA 
precursor removal (Figure 6.3-c). As far as correlations between DBP and DON removals, 
a negative correlation was obtained for THM (r2 = 0.41) (Figure 6.3-d) and HNM (r2 = 
0.67) (Figure 6.3-e) precursor removals while no correlation was observed for NDMA 
precursor removals (Figure 6.3-f). The lack of observed correlations suggests that the 
removal of NDMA and HNM precursors did not appeared to be related with the removal 
of DON. 
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Figure 6.3. Correlation between percent removal of DBPs versus DOC and DON removal. 
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On the other hand, the ratios of DBPFP/DOC in both treated and raw waters were also 
considered to see the possible changes in the reactivity of precursors on the permeate and 
feed sites of the membrane. Here the term “reactivity” to describes the degree to which 
precursors are converted to DBPs upon oxidation; a higher reactivity means a higher yield 
of DBPs. In this sense, DBPFP/DOC ratios in raw water were plotted as a function of 
DBPFP/DOC ratios in treated waters (Figure 6.4), where the solid line (1:1) in the graph 
indicates that DBPFP/DOC remains the same after NF membrane treatment.  
 
Figure 6.4. Normalized THM and HNM precursors removals as a function of DOC in the 
treated and raw waters. 
If the reactivity of precursors is higher after the treatment, the data points should be 
above the solid line (1:1). In Figure 6.4-a, the data points falling under the line (for IWWTP 
and WWTP-2) suggest that the reactivity of THM precursors was lower in the permeate 
NF membrane in these waters while the opposite was observed for ISW and SW. As for 
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HNM precursors (Figure 6.4-b), reactivity of precursors per DOC was higher in the 
permeate as opposed to raw water. 
The Effect of Membrane Type on the Removal of NDMA and THM Precursors 
The effect of membrane type on NDMA and THM precursor removals at different 
pH (6-9) and ionic strength (0.005 - 0.05 M) conditions from a municipal WWTP effluent 
was investigated using three commercially available NF membranes, which were carrying 
different MWCO and surface charge (TS80, NF270, and ESNA) (Table 6.1). The results 
showed that while the removal efficiencies for NDMA precursors were within the range of 
78-82%, 51-58%, and 57-62%, for TS80, NF270 and ESNA, respectively, the removals of 
THM precursors were higher at 83-87%, 72-80%, and 87-91% for TS80, NF270 and 
ESNA, respectively (Figure 6.5). 
For the membranes studied, the removal of NDMA precursors decreased with the 
increasing average molecular weight cut off and negative surface charge (Table 6.1), which 
was attributed to the low molecular weight nature of NDMA precursors, while the removal 
of THM precursors (i.e., NOM) was only slightly affected by these membrane 
characteristics. Statistical analysis of the results also revealed that the membrane type was 
an important factor that significantly affected the removal of NDMA and THM precursors 
(p-values = 0.0001 and 0.0004). As far as water chemistry effects, while the pH and ionic 
strength had a significant effect on the removal of NDMA (p-value = 0.006), the effect of 
pH and ionic strength on THM precursor removal was insignificant (p-value = 0.0829 and 
0.2929) (Figure 6.5).  
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Figure 6.5. Effect of membrane type on the removal of NDMA and THM precursors 
from municipal wastewater treatment plant effluent.  
Error bars indicate the concentration range obtained from two measurements of one 
sample.  
 
Effect of Background Water Components on the Removal of NDMA, HNM, and 
THM Precursors 
As discussed above, differences in precursor characteristics as well as membrane type 
were contributing factors to the differences in removal efficiencies by NF observed in 
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Figures 6.1 and 6.5. However, some of these effects could also be attributed to the 
characteristics of the water matrix, such as pH, ionic strength, and calcium content. A 
detailed evaluation of these parameters was performed using the factorial experimental 
design with the data shown in Figure 6.6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6. The effect of water chemistry on the removal of NDMA, HNM, and THM 
precursors using TS80 membrane from a) municipal wastewater effluent (WWTP-1) and 
b) industrial wastewater effluent (IWWTP). Error bars indicate the concentration range 
obtained from two measurements of one sample. *IS: Ionic Strength. 
(a) 
(b) 
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The observed removal efficiencies for municipal WWTP effluent (Figure 6.6-a) 
ranged between 69 -79% for NDMA, 40-64% for HNM, and 87-93% for THM precursors. 
The removal of DBP precursors from the industrial WWTP effluent (Figure 6.6-b) ranged 
from 52-66% for NDMA, 92-96% for HNM, and 94-98% for THM precursors. 
Observations regarding pH, ionic strength, and calcium are described separately below. 
The Effect of pH 
Investigation of eight different water background conditions showed that, for the 
tested municipal wastewater effluent, increasing the pH from 6 to 9 increased NDMA 
precursor removal. This is shown by comparing the pH 6 and pH 9 bars in Figure 6.6-a. 
Statistical analysis reveals that the pH effect was significant, having a p-value of 0.0036. 
For HNM and THM precursor removals in the municipal wastewater effluent, there were 
no significant effects of pH (p-value = 0.8114 and p-value = 0.2245), respectively. As for 
industrial wastewater effluent, increasing the pH from 6 to 9 did not show any significant 
effect on NDMA, HNM, or THM precursor removals (p-values = 0.0973, 0.6326, 0.3692, 
respectively) (Figure 6.6-b). 
Two mechanisms, or a combination of them, are proposed to explain the observed 
variations in DBP precursor removal with changing background conditions: i) electrostatic 
charge repulsion based on the acidity constants (pKa) of DBP precursors in different 
sources and ii) size exclusion. For instance, NDMA precursors may have been altered such 
that their charge repulsion was reduced and/or their molecular size was reduced at pH 6 
compared to pH 9. On the contrary, THM precursor removals were not affected by pH 
changes in either municipal or industrial WWTP effluent, which suggests that the 
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controlling mechanism for THM precursor removal was size exclusion rather than charge 
repulsion. pH is an important factor that affects the size of ionizable THM precursors (i.e. 
NOM) and also affects the membrane matrix. More specifically, at pH 9, ionizable 
macromolecules will be in a linear forms due to charge repulsion, while at pH 6, the 
molecules will be in more compact and spherocolloidal form due to reduced charge 
repulsion. At the same time, the membrane will be in a more expanded form at pH 9 as 
opposed to pH 6 (Braghetta et al., 1997). Previous studies have found that THM precursors 
are mostly large molecules and their removal increased with increasing pH (Ángeles et al., 
2008; Chellam, 2000; Lin et al., 2006). However, in this study, the results suggest that the 
removal of THM precursors was mainly controlled by size exclusion. Thus, no pH effect 
was observed for either wastewater effluents tested.  
As for HNM precursors, although their removal patterns were different in both 
municipal and industrial WWTP effluents (~55% vs 95%), the change in pH from 6 to 9 
was not significant This could also suggest that the molecular structure of HNM precursors 
was not altered significantly by the change in pH to affect their removal by the NF 
membrane.  
The Effect of Ionic Strength 
The effects of ionic strength on the removal of NDMA, HNM, and THM precursors 
from municipal and industrial WWTP effluent sources are shown in Figure 6.6-a and b, 
respectively. In both water types and under all studied conditions, the flux and osmotic 
pressure have been altered by an increase in ionic strength from 0.005 M to 0.05 M, which 
influences the ion transport across the NF membrane pores (Park et al., 2010). The flux 
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data suggest that the membrane matrix was in a more expanded state at high pH or low 
ionic strength and a less expanded state at low pH or high ionic strength conditions with 
respect to intra-membrane electrostatic repulsion forces (Braghetta et al., 1997; Hong and 
Elimelech, 1997) (Figure B-4 & 5 in Appendix B). Although there were changes in 
membrane matrix and precursor charge density, the removal of NDMA, HNM, and THM 
precursors was not affected by an increase in ionic strength in both examined waters. 
Statistical analysis of results from the municipal and industrial WWTP effluents also 
showed that the effect of ionic strength on the removal of DBPs was insignificant (0.05 < 
p-values).  
The Effects of Calcium 
The effect of Ca2+ on the removal of NDMA, HNM, and THM precursors was studied 
in municipal and industrial WWTP effluent under eight different background conditions 
and results are shown in Figure 6.6-a and b. It is plausible that the presence of Ca2+ ions in 
source waters may influence the removal of DBP precursors by either changing the 
precursor stability in the water or altering the flux of the membrane filters (Kabsch-
Korbutowicz et al., 1999). Under all studied conditions for the industrial WWTP effluent, 
the results indicated that increasing the Ca2+ concentration did not show any significant 
change for the removal of NDMA, HNM, and THM precursors (p-values = 0.1686, 0.2258, 
and 0.1709, respectively) (Figure 6.6-b). However, for the municipal WWTP effluent, 
while the removal of HNM precursors was not significantly affected by a change in 
background Ca2+ concentration (p-values = 0.2059), the removal of NDMA was increased 
and the removal of THM precursors was decreased. When the Ca2+ contents of source 
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waters were increased, a severe flux decline was observed due to formation and/or 
accumulation of Ca2+-NOM complexes onto the NF membrane surface (Figure B-6 in 
Appendix B). Therefore, the abundance of positively charged divalent ions on the 
membrane surface might act as a barrier for the small-sized NDMA precursors thus 
favoring their rejection by NF membranes. Statistical analysis of examined conditions for 
the municipal WWTP effluent also suggested that an increase in Ca2+ concentration had a 
significant effect on the removal of NDMA and THM precursors (p-value = 0.0013 and p-
value = 0.0346), respectively.  
Conclusions 
In this study, the removal of NDMA, HNM, and THM precursors from different types 
of water/background matrices were investigated using different NF membranes. A 
cumulative summary of important findings is as follows. 
• Based on the characteristics of the NF membranes used, the removal of NDMA 
precursors decreased with the increases in average molecular weight cut off and 
negative surface charge, while the removal of THM precursors (i.e., NOM) was 
only slightly affected by these membrane characteristics. 
• Among the studied waters, THM precursor removals were always higher than those 
of NDMA and HNM precursors. The overall precursor removal efficiencies ranged 
between 57-83%, 48-87%, and 72-97% for NDMA, HNM, and THM precursors, 
respectively. 
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• The variation in background Ca2+, pH and ionic strength concentrations not only 
leads to a change in membrane conformation (i.e., surface charge, pore size) but 
apparently also affects the physicochemical properties of precursors (i.e., charge 
and size). However, these changes were specific to the membrane type and/or water 
type. 
• The removal of NDMA precursors under varying Ca2+ and pH conditions were 
shown to be different from two sources; an increase in background Ca2+ and pH 
increased the removal of NDMA precursors from municipal wastewater effluent, 
while little or no effect was observed in industrial wastewater effluent.  
• Regardless of the background water characteristics and membrane type, the change 
in ionic strength did not show any impact on the removal of all the studied DBPs. 
• Although there were differences in the removal efficiencies under varying 
background water characteristics, which affected flux levels, the variability of 
removal efficiencies remained within ~10-15%. The lack of large variability 
suggests relatively stable performance of NF membranes under varying 
background conditions.  
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   CHAPTER SEVEN 
FORMATION, SPECIATION AND BROMINE SUBSTITUTION OF 
DISINFECTION BY-PRODUCTS DURING CHLORINATION OF DISSOLVED 
ORGANIC MATTER 
Introduction 
While chlorine disinfection provides hygienically safe drinking water, an 
unintended consequence is the formation of disinfection byproducts (DBPs), which results 
from reactions between dissolved organic matter (DOM) in water and chlorine. Due to 
possible adverse health effects, the DBP formation in drinking water is a public health 
concern, and selected DBPs are regulated in potable waters around the world (USEPA, 
2006; WHO, 2000). Nowadays, water resources have been under the risk due to elevated 
halide levels, mainly bromide (Br-) and iodide (I-), which results from anthropogenic 
activities such as fracking, coal-fired power plants, and industrial or wastewater effluent 
discharges, seawater intrusion, as well as usage of desalinated seawaters in water treatment, 
and sometimes drought effects (Kim et al., 2015; Magazinovic et al., 2004; Mctigue et al., 
2014; Tan et al., 2016). During chlorination, while bromide (Br-) can quickly oxidize to 
hypobromous acid and react with DOM to form brominated disinfection byproducts (Br-
DBPs), iodide (I-) can convert to IO3- due to rapid reaction kinetics betwwen I- and HOCl 
(Cowman and Singer, 1996; Hua et al., 2004; Jones et al., 2011).  
To date, more than 600 halogenated DBPs have been identified (Richardson et al., 2007); 
however, only four Cl/Br trihalomethanes (i.e., THM4) and five Cl/Br acetic acids (i.e., 
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HAA5) are regulated for drinking water at 80 µg/L and 60 µg/L by the USEPA, 
respectively (USEPA, 2006). Nitrogeneous DBPs including haloacetonitriles (HANs) 
which are much more toxic than THMs and HAAs are not regulated (Muellner et al., 2007). 
The formation, speciation and bromine substitution in DBPs are greatly influenced by the 
origin of dissolved organic matter, halides (i.e., Br- and I-) concentrations, oxidant 
type/dose, reaction time and pH (Hua et al., 2004; Hua and Reckhow, 2008b, 2012; Uyak 
and Toroz, 2007). Therefore, understanding the formation, speciation and bromination 
degree of halogenated DBPs under practical water treatment conditions, which are not the 
case for previously conducted studies, is of significant importance for both regulatory 
agencies and water utilities to provide safe drinking water. 
The formation of HAAs and THMs have been investigated in waters with a range of 
SUVA254 (specific UV absorption at 254 nm) values. High SUVA254 waters showed higher 
levels of HAA and THM formation (Liang and Singer, 2003; Liu and Croué, 2016). Hua 
and Reckhow (2007b) found that the formation of trihaloaceticacids (THAA) and 
trihalomethanes (THMs) was affected by different fractions of DOM (i.e., 
hydrophilic/hydrophobic), whereby THAA precursors were more hydrophobic than THM 
precursors. On the other hand, molecular weight (MW) distribution of precursors did not 
correlate well with THM and THAA formations (Hua and Reckhow, 2007c).  
The presence of elevated levels of bromide in natural waters shifts the speciation 
of DBPs from chlorinated species to brominated analogues during chlorination. It is known 
that the brominated species have higher health risk (Plewa et al., 2004a; Richardson et al., 
2007). The degree of bromination of THMs, HAAs, and HANs can be calculated by using 
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two different approaches, i.e., bromine incorporation factor (BIF) and bromine substitution 
factor (BSF) (Hua et al., 2004; Obolensky and Singer, 2005; Sharma et al., 2014). While 
the BIF (ranges from 0 to 3) has been defined as the ratio of the molar concentration of 
bromine incorporated into a given class of DBPs to the molar concentration of DBPs in 
that class (Gould and Fitchhorn, 1981), BSF (ranges from 0 to 1) has been defined as the 
ratio of the molar concentration of bromine incorporated into a given class of DBP to the 
total molar concentration of chlorine and bromine in that class (Hua et al., 2004). The 
advantage of using BSF over BIF value is, unlike BIF value, the calculated BSF value can 
be used for comparison of different classes of DBPs. A sample calculation of BSF of THMs 
is given in equation 7.1. 
 !"#$%& = 	 )∗ +%+, -./ 01/-/234∗ +%+, -./ 01/-/25 = 06+& 78∗ 60+& 74∗ $0&4∗ 6+& 7 06+& 7 60+& 7 $0& 	               Equation 7.1. 
n= Number of Bromide ion. 
 
BSF value increases as the bromide concentration and contact time increases (Chang et al., 
2001; Ged and Boyer, 2014; Hua et al., 2004; Hua and Reckhow, 2012; Luong et al., 1982; 
Uyak and Toroz, 2007).  
 Hua et al. (2006) investigated the impact of organic matter type on bromine 
substitution using two types of waters (SUVA254: 1.6 and 3.1 L/mg/m) and reported similar 
patterns for both waters. In another study, the distribution of mono-, di-, and trihalogenated 
acetic acid species and incorporation of bromine in two different water sources, which had 
distinct SUVA254 characteristics (SUVA254: 2.7 and 4.2 L/mg/m), was found to be similar 
(Cowman and Singer, 1996). Wu et al. (2003) conducted a THM and HAA formation study 
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with solutions of different humic substances that were spiked with 250 mg/L of bromide. 
The results suggested that there was no clear trend between characteristics (SUVA254) of 
humic substances and BSF values (Wu et al., 2003). 
Therefore, it is still  not clear how the DOM type (such as water from different 
origins, waters after conventional treatment process) will affect the formation, speciation 
and bromine substitution of DBPs under different water treatment conditions. Therefore, 
this study focused on the effect of DOM type and drinking water treatment parameters 
including initial bromide (Br-) concentration, chlorine (Cl2) dose, pH, and reaction time on 
the formation, speciation and bromine substitution in THMs, HAAs, and HANs under 
realistic water treatment conditions unlike previous studies. In addition, total organic 
halogen were also analyzed. 
Materials and Methods 
Water Samples 
 
Raw and treated water samples were collected from the influent and effluent of the 
filtration unit from three different drinking water treatment plants located in South Carolina 
(SC), USA, which were selected based on their distinct SUVA254 values (ranging from 1.7 
to 5.1 L/mg/m) which was used as a surrogate parameter for hydrophobicity and 
aromaticity of DOM. Treated samples were collected before the oxidant addition. Upon 
arrival to the laboratory, samples were filtered through 0.2 µm pore size Whatman® 
Polycap 150 TC filters, and kept at 4 °C until the experiments were conducted. Water 
characteristics, including ultraviolet absorbance at 254 nm (UV254), dissolved organic 
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carbon (DOC), dissolved organic nitrigen (DON), specific ultraviolet absorbance at 254 
nm (SUVA), bromide (Br-), and pH were measured for source waters and results are shown 
in Table 7.1.  
Experimental Design 
 
Prior to the experiments, DOC (dissolved organic carbon) levels of the samples were 
adjusted to 2 mg/L, by diluting the samples with distilled deionized water (DDI), and 250 
ml of solutions were filled to amber glass bottles with free head space. The pH was adjusted 
with 20 mM phosphate buffer to pH 6, 7.5 and 9. Then, bottles were spiked with appropriate 
amount of Br- and I- solutions to achieve the target Br- (0.5, 2.5, 5, 10 µM) and I- (0.4 µM) 
levels. 
 Table 7.1. Selected Characteristics of Studied Water Sources 
*Sample was diluted to stay in the absorbance value of the instrument. 
 
Chlorine stock solution (1000 mg/L as Cl2) was prepared by diluting sodium 
hypochlorite stock (5% available free chlorine), and was spiked into the samples with a 
target initial concentration of 4 mg/L. After 24 h of reaction time, samples were withdrawn 
and analyzed for residual chlorine according to the DPD colorimetric method (SM 4500-
Cl G). Residual chlorine was quenched with a stoichiometric amount of Na2SO3. For HAN 
analyses, samples were quenched with ascorbic acid. Afterward, samples were analyzed 
Plants Type Code UV254 (cm-1) 
DOC 
(mg/L) 
DON 
(mg/L) 
SUVA254 
(L/mg/m) 
Br - 
(µg/L) pH 
Chelsea Treated CH-T 0.041 2.4 0.2 1.7 52 6.5 
Purrysburg Treated PB-T 0.052 2.7 0.3 1.9 39 6.7 
Myrtle Beach Treated MB-T 0.124 5.9 0.3 2.1 49 6.5 
Chelsea Raw CH-R 0.153 4.9 0.4 3.1 53 7.2 
Purrysburg Raw PB-R 0.200 5.2 0.4 3.8 41 7.1 
Myrtle Beach* Raw MB-R 1.273 25.0 0.9 5.1 50 6.8 
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for THMs, HAAs, HANs, and TOX. While the total TOCl and TOBr were measured with 
ICS-2100 ion chromotography as Cl- and Br-, known (i.e. TOBr, TOCl) and unknown (i.e. 
UTOBr, UTOCl) fractions of TOX were also calculated as below (Eq. 7.2 to 7.6) to 
differentiate the measurable organic halides from non-measurable ones. 
[TOX] = [TOCl] + [UTOCl] + [TOBr] + [UTOBr]   Equation 7.2 
[TOCl]Known = 3x [TCM] + 2x [DCBM] + [DBCM] + ……. 
2x [DCAA] + [BCAA] + 3x [TCAA] + 2x[BDCAA] + [DBCAA] +……. 
 [CAN] + 3x [TCAN] + 2x [DCAN] + [BCAN]   Equation 7.3 
[TOBr]Known= [DCBM] + 2x [DBCM] + 3x [TBM]+ ……. 
[MBAA] + [BCAA] + 2X[DBAA] + [BDCAA] + 2x [DBCAA] + [TBAA] +……. 
[BAN] + [BCAN] + 2x[DBAN]   Equation 7.4 
[TOCl]Unknown= [TOCl]Total + [TOCl]Known  Equation 7.5 
[TOBr]Unknown= [TOBr]Total + [TOBr]Known  Equation 7.6 
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Results and Discussion 
The Effect of DOM Type Under Different Initial Bromide Concentrations 
Trihalomethanes 
 
Figure 7.1 shows the formation and speciation of THMs in six types of waters under 
varying initial Br- concentrations. None of the I-THMs were detected in this study. 
Concentrations of THMs were with in the range from (0.37 ± 0.01) to (0.93 ± 0.03), (0.43 
± 0.02) to (0.97 ± 0.01), (0.48 ± 0.04) to (1.13 ± 0.01), and (0.58 ± 0.04)  to (1.59 ± 0.02) 
µM at initial Br- concentrations of 0.5, 2.5, 5, and 10 µM, corresponding to 40, 200, 400, 
and 800 µg/L, respectively. As the initial Br- concentration increased from 0.5 to 10 µM, 
the total formation of THMs also increased. These findings were in agreement with those 
of studies conducted to evaluate THM formation under varying Br- concentrations (Chang 
et al., 2001; Hua and Reckhow, 2008a, 2012).  
Among the studied water sources, the observed difference in THM concentrations may be 
linked with the characteristics of the DOM types in different sources. In Figure C-1 
(Appendix C), the total THM formation is plotted as a function of SUVA254, showing high 
correlations (i.e., R2 = 0.94-0.98) at all four of the initial bromide concentrations.  
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Figure 7.1. Effect of DOM type on THM formation and speciation. Experimental 
conditions: [I-]0= 0.4 µM, [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L , pH = 7.5, T = 21 ± 1 oC, 
Contact time = 24 h. 
CH-T: Chelsea Treated, PU-T: Purrysburg Treated, MB-T: Myrtle Beach Treated,  
CH-R: Chelsea Raw, PU-R: Purrysburg Raw, MB-R: Myrtle Beach Raw. Error bars 
indicate the concentration range obtained from two independent samples. 
 
It has been shown that DOM with high aromaticity (high SUVA254) is more 
susceptible to halogen substitution than DOM with low aromaticity (low SUVA254) 
(Reckhow et al., 1990a; Singer et al., 2002). Moreover, in Figure C-1 (Appendix C), the 
slope for correlations between THM and SUVA254 increased with increasing initial 
bromide concentration. This relationship may indicate that THM formation is favored in 
bromination process other than chlorination. 
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The initial Br- concentrations significantly affected the speciation of THM. 
Increasing the Br- concentration shifts the speciation of THMs from chlorinated to their 
brominated analogues (as shown in Figure 7.1), which is similar to previous studies (Ged 
and Boyer, 2014; Hua et al., 2004; Liu and Croué, 2016). For example, at an initial Br- 
concentration of 0.5 µM (Figure 7.1-a), CHCl3 was the dominant species among all studied 
waters and its molar fractions ranged from 75% to 90%. On the other hand, at the highest 
initial Br- concentration (10 µM) (Figure 7.1-d), the CHCl3 molar fractions were only 
within the range of 3%-5% for all studied water sources. Generally, increasing SUVA254 
increased the molar fraction of CHCl3 in THM. However, it remained stable at various 
SUVA254 for [Br-]0 = 10 µM due to the small fraction of CHCl3 over THM. The effect of 
increasing SUVA254 can be ascribed to the difference in reactivity of chlorine and bromine 
towards different types of DOM. For the hydrophobic fraction of organic matter (high 
SUVA254), bromine can react with DOM 10 times faster than chlorine (Westerhoff et al., 
2004), while for the hydrophilic fraction of organic matter (low SUVA254), the rate 
constants of bromine reactions with DOM are 1000 times higher  than those for chlorine 
reactions (Criquet et al., 2015). Therefore, decreasing the SUVA254 will lead to the 
preferential formation of brominated THMs.  
Haloacetic acids 
Figure 7.2 shows the formation and speciation of HAAs in the six different waters 
under varying initial Br- concentrations. In the present study, unlike THMs, although 
increasing the initial Br- concentrations from 0.5 to 10 µM shifted the speciation from 
chlorinated to brominated HAAs, it did not influence the total formation of HAA9, which 
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was also previously observed by other researchers (Cowman and Singer, 1996; Liu and 
Croué, 2016). On the other hand, an increasing trend was observed from others (Hua et al., 
2004; Wu and Chadik, 1998), especially when initial bromide concentrations were above 
10 µM. The difference between these studies might be due to difference in charactersitcs 
of the waters as well as experimental parameters (i.e., chlorine dose, contact time).  
 
Figure 7.2. Effect of DOM type on HAA formation and speciation. Experimental 
conditions: [I-]0= 0.4 µM, [HOCl]0 = 4 mg/L, [DOC]0= 2 mg/L, pH = 7.5, T = 21 ± 1 oC, 
Contact time = 24 hr. 
CH-T: Chelsea Treated, PU-T: Purrysburg Treated, MB-T: Myrtle Beach Treated, CH-
R: Chelsea Raw, PU-R: Purrysburg Raw, MB-R: Myrtle Beach Raw. Error bars indicate 
the concentration range obtained from two independent samples. 
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 Overall, these results suggested that changing the water type significantly 
influenced the formation of HAA9 (0.27 ± 0.1 to 0.97 ± 0.1 µM, i.e., 42.0 ± 2.8 to 177.0 ± 
11.3 µM). In Figure C-1 (Appendix C), HAA9 concentrations versus SUVA254 values 
shows a high correlation, indicating that aromaticity of DOM played a role in the formation 
of HAAs, which agrees well with observations for THMs. In fact, the difference in the 
formation of HAAs among the studied waters may be caused by the difference in functional 
moieties, which may alter the chlorine reactivity in the studied waters. For example, at a 
low initial bromide concentration (i.e, 0.5 µM), TCAA was the dominant species in high 
SUVA254 waters (e.g., MB-R waters). However, DCAA was the dominant species in PB-
T water while in CH-T water the formation of DCAA was similar to that of TCAA. This 
observation supports the contention that TCAA and DCAA can be formed from different 
precursors (Hua and Reckhow, 2007a). When the initial bromide concentration increased 
from 0.5 to 2.5 µM, the molar fraction of DCAA and TCAA decreased by 14 - 21% and 
18 - 29%, respectively, across the water types. As a result, the contribution of the 
brominated species, MBAA, BCAA, DBAA, BDCAA, DBCAA, and TBAA increased by 
1 - 4%, 6 - 10%, 4 -11%, 7 - 13%, 4 - 12%, 1 - 6%, respectively, but no significant change 
was observed for MCAA. A further increase of initial bromide concentration to 5 µM 
decreased the molar fraction of DCAA, TCAA and BDCAA among the HAA9 to 7-13%, 
5-16%, and 1-5% while the molar fraction of brominated species such as DBAA, DBCAA, 
and TBAA increased by 7-11%, 2-9%, and 2-12%, respectively. At an initial bromide 
concentration of 10 µM, the molar fraction of DBAA, DBCAA, and TBAA among the 
HAA9 increased by 7-10%, 1-7%, and 7-14% whereas the all other species decreased by 
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(1-10%). Overall, in the presence of bromide, the preferential formation of brominated 
HAAs was favored in the low SUVA254 waters as compared to high SUVA254 waters.  
In Figure C-2 and C-3 (Appendix C), the nine HAAs were divided into three sub-groups 
as mono-halogenated (MHAA), di-halogenated (DHAA), and tri-halogenated acetic acids 
(THAA), and were plotted as a function of varying initial bromide concentrations. In most 
cases, THAA constituted slightly higher percentages (43-56%) than DHAA (39-44%) 
based on the molar fraction. MHAA only accounted for a small fraction (5-14%). However, 
Cowman and Singer (1996) reported that the molar fraction of DHAA was higher than 
THAA. In their study, this could be related to the difference in precursors types since 
TCAA and DCAA can be formed from distinct precursors (Hua and Reckhow, 2007a).  
In Figure C-4 (Appendix C), the molar ratio of regulated HAA5 to HAA9 (i.e., 
[HAA5]/[HAA9]) was plotted against varying initial bromide concentrations. Results 
indicate that increasing initial bromide concentration decreased [HAA5]/[HAA9] due to 
the formation of unregulated brominated species. Therefore, treated water from a source 
containing high bromide levels may comply with the regulatory limit of HAA5 (60 µg/L) 
due to the formation of unregulated brominated analogues, while the treated water still 
exhibits potential toxicity. Results from toxicology studies have shown that brominated 
species of the unregulated HAAs are more cyto- and geno-toxic than other regulated 
chlorinated and brominated analogues (Richardson et al., 2007) . Therefore, this result 
needs to be taken into consideration. 
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Haloacetonitriles 
Figure 7.3 and Figure C-5 (Appendix C) show the results for the effect of DOM 
type and initial Br- concentrations on the formation of HANs. Total HAN concentrations 
ranged from 0.04 µM to 0.11 µM. Increasing the initial Br- concentrations from 0.5 to 5.0 
µM slightly enhanced the total formation of HANs. However, further increase in initial Br- 
concentrations from 5.0 to 10.0 µM did not enhance the total formation of HANs. When 
the comparison was made for treated and raw waters from the same source, the total 
formation of HANs was higher for treated waters with low amounts of aromatic DOC. In 
addition, the speciation of HANs was also evaluated (Figure 7.3).  
At the initial concentration of 0.5 µM for Br-, DCAN is the dominant species, while 
BCAN and BAN were present in lower concentration. Further increase in initial bromide 
concentration favored the formation of BAN and DBAN while the formation of DCAN 
decreased. 
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Figure 7.3. Effect of DOM type on HAN formation and speciation at four different initial 
bromide concentrations. Experimental conditions: [I-]0: 0.4 µM, [HOCl]0= 4 mg/L, 
[DOC]0= 2 mg/L , pH: 7.5, T = 21 ± 1 oC, Contact time = 24 h. 
CH-T: Chelsea Treated, PU-T: Purrysburg Treated, MB-T: Myrtle Beach Treated, CH-
R: Chelsea Raw, PU-R: Purrysburg Raw, MB-R: Myrtle Beach Raw. Error bars indicate 
the concentration range obtained from two independent samples. 
Total Organic Halogens (TOX)  
Figure 7.4 shows the effect of DOM type and initial bromide concentration on TOX 
concentrations which includes both known and unknown TOBr and TOCl concentrations. 
TOI concentrations were below the detection limit (Minimum reporting level (MRL): 5 
µg/L). Based on the calculation from a kinetical model proposed by Liu et al. (2014), the 
time for transformation of I- to IO3- is < 15 min (for [Br]0 > 0.5 µM) (Liu et al., 2014). 
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Figure 7.4. Effect of DOM type and initial bromide concentration on known 
TOCl/TOBr/TOX and unknown TOCl/TOBr/TOX. Experimental conditions: [I-]0: 0.4 µM, 
[HOCl]0= 4 mg/L, [DOC]0= 2 mg/L , pH: 7.5, T = 21 ± 1 oC, Contact time = 24 h. TOI 
were not detected in the samples. 
CH-T: Chelsea Treated, PU-T: Purrysburg Treated, MB-T: Myrtle Beach Treated, CH-
R: Chelsea Raw, PU-R: Purrysburg Raw, MB-R: Myrtle Beach Raw.  
 After 24 h of reaction time, all the I- in the system was transformed to IO3-; and 
therefore, TOI formation was inhibited due to lack of HOI, which was in agreement with 
other researchers (Hua et al., 2004). Among the studied waters, TOX concentrations were 
affected by the type of the DOM, where TOCl and TOBr concentrations were changing 
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from 2.4 µM to 11.9 µM and 0.3 µM to 6.3 µM, respectively. In Figure C-6 (Appendix C), 
TOX concentrations at all bromide doses were plotted as a function of SUVA254. The 
observed high correlations (i.e., R2=0.70 - 0.89) suggests that aromatic structures within 
DOM play a significant role in the formation of TOCl and TOBr. Similar results were also 
observed by other researchers (Kristiana et al., 2009; Rostad et al., 2000). Although 
increasing initial Br- concentrations did not show any significant change or trend on TOX 
concentration, total TOBr and TOCl concentrations were affected by changing initial Br- 
concentrations. For example, as the initial Br- concentration increased from 0.5 µM to 10 
µM, depending on the type of the DOM, known and unknown portions of total TOBr 
increased by 23 – 41 % and 12 - 20 % , respectively. In contrast, the concentration of known 
and unknown TOCl decreased by 8- 22 % and 25 – 35 %, respectively. These observations 
were in good agreement with a previous study (Hua et al., 2004). Furthermore, previous 
toxicology results suggest that UTOX contains a large amount of DBPs that cause potential 
health risks (Bull et al.,2001). Therefore, it is also important to understand the contribution 
of UTOX to total TOX.  
Figure C-7 (Appendix C) shows the effect of DOM type and initial bromide concentration 
on UTOX/TOX ratio. These results reveal that UTOX/TOX ratio were higher in treated 
low SUVA254 waters as compared to raw waters having high SUVA254 values as shown in 
Figure C-8 (Appendix C), and decreased with increasing bromide dose in all sources, which 
may indicate that in the presence of high SUVA254 organic matter, the formation of known 
halogenated DBPs ( i.e., THM, HAA, and HAN) is favored. 
 
  104 
Bromine Substitution Factor 
Figure 7.5 shows the effect of DOM and initial bromide concentration on BSF in 
THM, THAA, DHAA, and DHAN. The BSFTHM value increased as the initial Br- 
concentration increased. BSFTHM values for different types of water sources/DOM types 
are in the order of BSFCH-T>BSFPU-T=BSFMB-T >BSFCH-R>BSFPU-R>BSFMB-R, which is 
opposite of the order of aromacity of DOM. The difference may lie with the reactivity of 
HOCl and HOBr toward DOM (high SUVA254, and low SUVA254). 
 
 
Figure 7.5. Effect of DOM type and initial Br- concentration on (a) BSFTHM, (b) BSFTHAA, 
(c) BSFDHAA, and (d) BSFDHAN. 
In Figure C-9 (Appendix C), SUVA254 values were plotted as a function of chlorine 
consumption. Results indicate that the consumption of chlorine increased as the SUVA254 
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increased, which is in agreement with the previous studies (Singer et al., 2002). Appendix 
C-10 shows the correlation between BSFTHM and SUVA254. The observed relatively high 
coefficient of determination (R2) confirms that increasing SUVA254 decreased the 
substitution of bromide in DOM. 
BSF values for THAA were also calculated and presented in Figure 7.5. Similar to 
the observed BSF values for THM, increasing the initial bromide concentration increased 
the substitution of bromine for all the studied DOM types. When the BSF for THM was 
compared with BSFTHAA values, results showed that bromine incorporation into THAA 
was always more favorable than THMs, which is in good agreement with the previous 
studies (Boyer and Singer, 2005; Francis et al., 2009; Ged and Boyer, 2014). Furthermore, 
in Figure C-10 (Appendix C), BSFTHAA values were plotted as a function of SUVA254. The 
comparison of slopes in Figure C-10 (Appendix C) revealed that bromine substitution in 
THAAs was more affected by the type of the DOMs than THMs, which was decreasing as 
the aromaticity increased. 
BSF values for DHAA were calculated and shown in Figure C-10 (Appendix C). 
Bromine substitution into DHAAs increased with increasing bromide concentration from 
0.5 µM to 10 µM and the overall trend for BSF DHAA values was in the order of BSFCH-
T> BSFMB-T >BSFPU-T >BSFCH-R>BSFPU-R>BSFMB-R among the studied DOM types. In 
Figure C-10 (Appendix C), BSF DHAA values were plotted as a function of SUVA254. The 
results showed that, at all initial bromide concentrations, BSF values for DHAA decreased 
with increasing aromaticity. This may be attributed to the preferential reaction between 
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aromatic moieties and chlorine. As a result, increased interactions between DHAA 
precursors and HOCl resulted in reduced formation of brominated DHAAs thus resulting 
in lower value for calculated BSF DHAA. In addition, even though observed BSF values 
for DHAA were lower than BSF of THAA, they were similar to BSF values of THMs, 
consistent with previous literature findings (Boyer and Singer, 2005; Hua et al., 2004; 
Obolensky and Singer, 2005). Figure 7.5-d shows that increasing initial Br- concentration 
also increased the substitution of bromine into DHANs. However, calculated BSF values 
for DHAN were always higher than BSF of THMs, THAAs, and DHAAs. This could be 
related to a higher propensity of DHAN precursors to bromine substitution in the water 
sources studied. In Appendix C-10 , the correlation between BSF DHAN and SUVA254 
suggests that the type of DOM also played an important role in bromine substitution into 
DHAN precursors. 
The Effect of pH Under Different Initial Br- Concentrations 
 
Trihalomethanes 
 
Figure 7.6 and Figure C-11 (Appendix C) show the formation and speciation of 
THMs in CH-T and MB-T waters under varying pH and initial Br- concentrations, 
respectively. The results suggest that increasing the pH substantially increased the 
formation of THM regardless of DOM type (0.22 - 0.75 µM and 0.29 – 1.0 µM for CH-T 
and MB-T waters, respectively), agreeing with previous studies (Hong et al., 2013; Hu et 
al., 2010b; Liang and Singer, 2003; Wang et al., 2010) .Hypohalous acids (HOCl/HOBr) 
that are present as non-dissociating species at lower pH (e.g., £7.6) showed a higher 
reactivity than their hypohalite ion towards DOM.  
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Figure 7.6. Effect of pH on THM formation and speciation in treated Chelsea water. 
Experimental conditions: [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L, [I-]0 : 0.4 µM, T = 21 ± 1 
oC, Contact time (t) = 24 hr. Error bars indicate the concentration range obtained from two 
independent samples. 
However, THM formation is a multi-step process. Enolization of carbonyl groups 
and hydrolysis of the intermediate to THM can be catalytically enhanced by hydroxide ion. 
It is likely that these reactions play much important roles in determining the pH effect on 
THM formation (Liu and Croué, 2016; Westerhoff et al., 2004). For example, at an initial 
Br- concentration of 2.5µM (Figure 7.6-b) , as the pH increased from 6.0 to 7.5 , the 
formation of TCM, DCBM, DBCM, and TBM increased in CH-T water by 90%, 77%, 
82%, and 82% , respectively. However, in MB-T water (Figure C-11 in Appendix C), the 
percent increase in concentration of each species was lower (3%, 49%, 72%, and 67% for 
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TCM, DCBM, DBCM, and TBM, respectively). Furthermore, when the pH increased from 
7.5 to 9.0, the percent increase in formation of TCM, DCBM, and DBCM was suppressed 
in CH-T water to 14%, 12%, and 33%, respectively, while in MB-T water, the percent 
change in TCM and TBM formation was increased by 25% and 88%, respectively, as the 
DCBM and DBCM formation decreased (8% and 31%). For the 5 µM initial bromide dose 
(Figure 7.6 & Figure C-11 in Appendix C), the response for each species to pH changes, 
from 6.0 to 7.5, differed in both CH-T and MB-T water, except for DBCM. When the pH 
increased from 7.5 to 9.0, the percent concentration increase or decrease for both waters 
was identical. At the 10 µM initial bromide dose (Figure 7.6 & Figure C-11 in Appendix 
C), increasing the pH from 6.0 to 7.5 increased the formation of  TCM, DCBM, and 
DBCM, and to a greater extent in CH-T than in MB-T water.  
Haloacetic acids 
Figure 7.7 and Figure C-12 (Appendix C) show the formation of mono-/di-/tri-
acetic acid in CH-T and MB-T waters under varying pH and initial Br- concentrations. In 
response to pH changes, different trends were observed for each subclass of HAAs. For 
example, at low bromide concentrations (0.5 µM), the formation of MHAAs was not 
affected by pH changes in either CH-T or MB-T waters. However, at 2.5 and 5 µM bromide 
concentrations, increasing pH decreased the formation of MHAAs by 0.25 and 47%, and 
22 and 30% for CH-T and MB-T waters, respectively. At the 10 µM of initial bromide 
concentration, while there was no change in MHAA formation in CH-T, the formation 
decreased by 34% in MB-T water when the pH increased from 6.0 to 9.0. Similar to 
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MHAAs, at low initial Br- concentrations (e.g., 0.5µM), there was no change in 
concentration in DHAA for both CH-T and MB-T waters due to pH changes. 
 
Figure 7.7. Effect of pH on mono-/di-/tri halogenated HAA formation. Experimental 
conditions: CH-T, [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L, [I-]0 = 0.4 µM, T = 21 ± 1 oC, 
Contact time (t) = 24 h. Error bars indicate the concentration range obtained from two 
independent samples. 
  However, when bromide concentrations were >0.5µM , increasing pH from 6.0 to 
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9.0 decreased the formation of DHAAs by as much as 31% in both CH-T and MB-T waters. 
The effect of pH changes on THAA formations was notable at all bromide concentrations 
such that increasing pH from 6.0 to 9.0 decreased the formation of THAAs by as much as 
68% in both CH-T and MB-T waters, respectively. Overall, these results suggest that 
DHAAs and THAAs were mostly affected by pH changes in the waters studied, which is 
in good aggreement with previous studies (Cowman and Singer, 1996; Hua and Reckhow, 
2012). 
  In Figure C-13 & 14 (Appendix C), the effect of pH on HAA speciation data for 
both CH-T and MB-T waters are shown along with total formation of HAA5 and HAA9. 
These results indicate that while the total formation of regulated HAAs (HAA5) decreased 
by 9 - 34% , HAA9 decreased by 24 - 40%. In this sense, we can conclude that the 
formation of HAA5 can be reduced by up to ~35% by changing the pH from 6.0 to 9.0. In 
addition, the formation of other mostly cyto/geno-toxic Cl/Br haloaceticacids (i.e., BCAA, 
BDCAA, DBCAA, and TBAA) can also be controlled; and therefore, their health effects 
minimized. However, increasing pH will enhance the formation of THMs. 
Haloacetonitriles 
 Figure 7.8 and Figure C-15 (Appendix C) show the formation and speciation of 
HANs in CH-T and MB-T waters under varying pH and initial Br- concentrations. For both 
waters studied, the total formation of HANs decreased as the pH increased from 6.0 to 9.0, 
which was true at all Br- concentrations studied. At high pH conditions, Reckhow et al. 
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(2001) reported that alkaline degradation of HANs occurs and reduces their total formation 
while producing haloacetamides and eventually HAAs (Reckhow et al., 2001).  
 
Figure 7.8. Effect of pH on HAN formation and speciation. Experimental conditions: CH-
T, [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L, [I-]0 : 0.4 µM, T = 21 ± 1 oC, Contact time (t) = 24 
hr. Error bars indicate the concentration range obtained from two independent samples. 
 The effects of pH on HAN speciation are also given in Figure 7.8 and Figure C-15 
(Appendix C). These results indicate that increasing pH decreased the formation of most 
of the HAN species in both CH-T and MB-T waters. In addition, when examining the pH 
effect for each species, DCAN was the species that was affected the most from the change 
in pH, decreasing by as much as 93% at 0.5 µM. Moreover, in both waters studied, similar 
trends were observed under varying pH conditions. This suggests that although the change 
  112 
in pH affects the degradation of HAN species, which mainly depends on the characteristics 
of each species (i.e., one may degrade more than others), the type of precursors in water 
sources did not show any notable effect on HAN speciation. 
Total Organic Halogens (TOX) 
 
 Figure 7.9 shows the effect of pH on TOX including TOCl, UTOCl, TOBr, and 
UTOBr in both CH-T and MB-T water samples. Increasing pH from 6.0 to 7.5 decreased 
the total formation of organic halides (TOX) in CH-T water at 0.5, 2.5, 5 µM bromide 
concentrations while a further increase to pH 9.0 increased the formation of TOBr and did 
not have any considerable impact on TOCl. However, at 10 µM bromide concentration, 
increasing pH from 6.0 to 7.5 did not have any substantial effect on TOX values while a 
slight decrease was observed for TOCl at pH 9.0. As for MB-T water, there was no change 
for TOCl when the pH increased from 6.0 to 7.5 at all studied initial bromide 
concentrations. Further increase in pH to 9.0 decreased the concentration of TOCl but 
increased the formation of TOBr. In general, when the pH increased from 6.0 to 9.0, the 
concentration of unknown TOCl and TOBr decreases while known TOX concentrations 
increase, which results in a decrease in the ratio of UTOX/TOX, mostly attributed to the 
formation of THMs. These results are in agreement with (Hua and Reckhow, 2008a). 
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Figure 7.9. Effect of pH and initial bromide concentration on TOCl, UTOCl, TOBr, and 
UTOBr. Experimental conditions: CH-T & MB-T, [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L,    
[I-]0 : 0.4 µM, T = 21 ± 1 oC, Contact time (t) = 24 h. 
 
Bromine Substitution Factor 
 
 Figure 7.10 shows the effect of pH on BSF of THM for both CH-T and MB-T 
waters under different initial Br- concentrations. At low initial bromide concentration (0.5 
µM ), when the pH increased from 6.0 to 9.0, BSF values in both waters decreased by 25%, 
which suggests that chlorine substitution is slightly more favorable at high pH conditions 
(Rathbun, 1996). At higher initial bromide concentrations (>2.5 µM), increasing the pH 
from 6.0 to 9.0 generally increased the BSF value. The increase in BSF value resulting 
from increasing pH was also observed by other researchers for chlorination of surface and 
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ground waters (Sohn et al., 2006). However, a decrease in BSF was reported by Hua and 
Reckhow (2012). The difference between these observations may be related to the 
concentration of bromide (>2.5 µM vs 1 µM) as well as availability (DOC: 2 mg/L vs 4.7 
mg/L) and type of DOM (SUVA254: 2.1 L/mg/m vs 3.4 L/mg/m) in the waters studied. 
 
Figure 7.10. Effect of pH and initial bromide concentration on BSFTHM4. (a) CH-T, (b) 
MB-T. Experimental conditions: [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L, [I]0 : 0.4 µM, T = 
21 ± 1 oC, Contact time (t) = 24 h. 
 
 Figure 7.11 shows the effect of pH on BSFs of DHAA and THAA for both CH-T 
and MB-T waters under different initial Br- concentration. The results suggest that 
increasing pH from 6.0 to 9.0 affected the substitution of bromine into DHAAs and 
THAAs. When the pH increased from 6.0 to 9.0, the BSF DHAA value for CH-T water at 
0.5 and 2.5 µM bromide concentrations increased while no important change was observed 
at 5 and 10 µM bromide concentrations. This may be attributed to the lack of available sites 
for bromine substitution, i.e., all the accessible sites for bromine substitution are occupied 
by bromine regardless of the change in pH. For MB-T water (having slightly higher 
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SUVA254), pH changes did not cause any considerable change at all. As for BSF THAAs, 
increasing pH showed an increase in BSF THAA values for both sources studied.  
 
Figure 7.11. Effect of pH and initial bromide concentration on BSFDHAA and BSF THAA.  
Experimental conditions: (a) CH-T BSFDHAA, (b) CH-T BSFTHAA, (c) MB-T BSFDHAA, (d) 
MB-T BSFTHAA. [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L, [I-]0 : 0.4 µM, T = 21 ± 1 oC, Contact 
time (t) = 24 h. 
 
 The effect of initial bromide concentration and pH on BSFDHAN is also shown in 
Figure 7.12. Results showed that while increasing pH from 6.0 to 7.5 did not significantly 
change the incorporation of bromide into dihalogenated acetonitriles (i.e., DCAN, BCAN, 
and DBAN); further increase in pH to 9.0 showed an increase in BSFDHAA value in both 
treated waters studied, which is consistent with previous studies (Hua and Reckhow, 2012).  
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Figure 7.12. Effect of pH and initial bromide concentration on BSFDHAA. (a) CH-T, (b) 
MB-T. Experimental conditions: [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L, [I-]0 : 0.4 µM, T = 
21 ± 1 oC, Contact time (t) = 24 h. 
 
Effect of Initial Chlorine Concentration 
 Figure 7.13 shows the effect of initial Cl2 concentration on the formation and 
speciation of THM, HAA, HAN, and TOX. Increasing initial chlorine concentration from 
4 to 8 mg/L enhanced the formation of THM by 13%. Furthermore, when we considered 
the speciation changes in response to increased initial chlorine concentration, CHCl3 and 
CHCl2Br concentrations increased by 70 and 7%, respectively, while brominated CHClBr2 
and CHBr3 species decreased by 18 and 33%, respectively. However, further increase of 
initial chlorine concentration from 8 to 16 mg/L did not enhance THM concentration. It 
appears that 8 mg/L chlorine was higher than the chlorine demand of the CH-T water (i.e., 
enough oxidant and limited precursors). Increasing initial chlorine concentration from 4 to 
16 mg/L increased the HAA9 by 25%, which is in agreement with previous literature 
findings (Hua and Reckhow, 2008a; Liang and Singer, 2003). 
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Figure 7.13. Effect of initial Cl2 concentration on THM, HAA, HAN, and TOX in CH-T. 
Experimental conditions: pH= 7.5, [DOC]0= 2 mg/L, [I-]0 : 0.4 µM, [Br-]0 : 2.5 µM T = 21 
± 1 oC, Contact time (t) = 24 h. 
 
On the other hand, increasing initial chlorine concentration from 4 to 8 mg/L increased the 
HAN, especially those of BCAN and DBAN concentrations. However, further increase of 
initial chlorine concentration decreased HANs, which can be linked to degradation of 
HANs at high chlorine concentration (Yu and Reckhow, 2015). In addition, while no 
considerable difference was observed for known and unknown TOBr, increasing initial Cl2 
concentration from 4 to 16 mg/L increased the formation of known and unknown TOCl by 
18%. In Figure C-16 (Appendix C), the impact of increasing initial Cl2 concentration on 
bromine substitution in THMs, THAAs, DHAAs, and DHANs was evaluated. While there 
was no change in BSF for THM, the BSF decreased for THAA, DHAA, and DHAN as the 
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initial chlorine concentration increased, which may be attributed to HOCl outcomputing 
HOBr during substitution reactions.  
Effect of Reaction Time 
 Figure 7.14 shows the effect of chlorine contact time on the formation and 
speciation of THM, HAA, HAN, and TOX. Concentrations of THM increased with 
increasing reaction time from 2 to 48 hr. Similarly, HAA, HAN, and TOX also increased 
when the reaction time increased from 2 to 24 h.  
 
Figure 7.14. Effect of contact time on THM, HAA, HAN, and TOX in CH-T. Experimental 
conditions: pH = 7.5, [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L, [I-]0: 0.4 µM, [Br-]0: 2.5 µM, T 
= 21 ± 1 oC. 
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 However, further increase of reaction time from 24 to 48 h did not enhance the total 
formation of HAAs, HANs, and TOX. On the contrary, the concentration of DBAN 
decreased slightly, which may be asciribed to hydrolysis or chlorination of HANs (Yu and 
Reckhow, 2015).  
 Figure 7.15 shows the results of BSF calculations for THMs, THAAs, DHAAs, and 
DHANs at varying contact times. The results indicated that BSF in each DBP class 
decreased with increased contact time, which may be related to debromination of 
brominated species at longer contact times with chlorine. 
 
 
Figure 7.15. Effect of contact time on BSFTHMs, THAAs, DHAAs, and DHANs. Experimental 
conditions: CH-T, pH = 7.5, [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L, [I-]0 : 0.4 µM, [Br-]0: 2.5 
µM, T = 21 ± 1 oC. 
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Conclusions 
In this study, the effect of DOM type under various water treatment conditions on the 
formation and speciation of THMs, HAAs, HANs, and TOX as well as bromine 
substitution was investigated under chlorination conditions. Important findings are 
summarized as follows. 
• Under chlorination conditions, only Cl/Br-DBPs were formed due to presence of 
variable level of Br-, while I-DBPs were not detected in this study (iodide 
concentration = 50 µg/L) due to the oxidation of I- to IO3-. 
• The nature of the DOM played a noticeable role in the formation of DBPs and their 
bromine substitution. The formation of total THMs and HAAs increased as the 
aromaticity of the DOM increased whereas the formation of HANs was not affected 
by aromaticity of DOM. While high SUVA254 sources had low bromine 
substitution, low SUVA254 sources had high bromine substitution. 
• The formation of THMs increased with increasing initial Br- concentration. 
However, increasing the initial Br- concentration up to 10 µM (800 µg/L) did not 
affect the HAA9 while the regulated HAA5 decreased, indicating that utilities may 
comply with the regulations but unregulated and more toxic Br-HAAs may be 
present.  
• When the pH increased from 6.0 to 9.0, concentrations of THMs were enhanced 
while an opposite trend was observed for HAAs and HANs.  
• Bromine substitution in THMs, DHAAs, THAAs, and DHANs were generally 
increased as the pH increased from 6.0 to 9.0. 
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• While increasing initial chlorine concentration increased the formation of THMs 
and HAAs, the formation of HANs decreased at the highest chlorine dose (16 
mg/L). On the other hand, at the highest dose, bromine substitution decreased for 
HAAs and HANs while no change was observed for THMs. 
• The formation of unknown TOCl and TOBr decreased as the SUVA254 of the waters 
increased.  
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 CHAPTER EIGHT 
FORMATION, SPECIATION AND TOXICITY OF DISINFECTION BY-
PRODUCTS DURING CHLORAMINATION OF BROMIDE AND IODIDE 
CONTAINING WATERS 
Introduction 
Due to its lower cost, ease of use and strong disinfectant capability, chlorine (Cl2) is one 
of the commonly used disinfectant during oxidative water treatment. However, the 
improper use of this oxidant may lead to the formation of regulated disinfection by-
products (DBPs) such as trihalomethanes (THMs) and haloacetic acids (HAAs). THMs 
and HAA5 are currently regulated under the stage 2 DBP/R by USEPA at a concentration 
of 80 µg/L and 60 µg/L, respectively. Because of the stringent regulatory concerns about 
these DBPs, water utilities in the United States have switched their disinfection practice 
from chlorination to chloramination (mostly in the form of NH2Cl) (Seidel et al., 2005), 
especially for those sources having high concentration of precursors, to reduce the 
formation of regulated THMs and HAAs (Hong et al., 2007). However, unlike chlorination, 
a series of complex reactions occurs when chloramination is applied to the surface waters 
which contain natural organic matter (NOM) and halides (i.e. Br- and I-). Some reactions 
include i) auto decomposition of chloramine to chlorine (in the form of HOCl or OCl-) and 
ammonia (NH3) depending on the presence of organic matter (Vikesland et al., 1998), pH 
(Jafvert and Valentine, 1992), and temperature of the water (Hua and Reckhow, 2008b), 
ii) the formation of halogenated and non-halogenated by–products as a result of reaction 
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between NH2Cl and/or HOCl and organic matter (Jones et al., 2012a; Karanfil et al., 2011; 
Zhu and Zhang, 2016), iii) oxidation of I- to IO3- in the presence of free available chlorine 
(Criquet et al., 2012), etc. Because of its lower reaction kinetics with organic matter (Zhu 
and Zhang, 2016), monochloramine (NH2Cl) will lessen the formation of chlorinated DBPs 
but at the same time lead to formation of emerging DBPs such as iodinated trihalomethanes 
(I-THMs) (Allard et al., 2015; Criquet et al., 2012; Jones et al., 2012a; Karanfil et al., 
2011), iodinated acetic acids (IAAs) (Krasner et al., 2006), and nitrosamines (Mitch et al., 
2003b; Richardson et al., 2008). 
To date, based on previously conducted toxicology studies, the individual cyto- and geno-
toxicity values of DBP species (~LC50, concentration of the compound that reduces the cell 
density of Chinese Hamster Ovary cells by 50% as compared to negative control) were 
reported in the current literature (Plewa and Wagner, 2009; Richardson et al., 2008), which 
will allow calculation of the cyto- and geno-toxicity of waters after oxidant addition as 
long as the concentration of each species is known. However, it should be noted that the 
calculations from the reported values may result in under or over estimation of real toxic 
impact due to formation of unknown and/or undetectable DBP formation. Nevertheless, 
based on the reported values, unregulated iodinated disinfection by-products (I-DBPs) are 
more cyto- and geno-toxic than their brominated and chlorinated analogoes (Plewa et al., 
2002). Previous studies have shown that the formation of I-DBPs was controlled by 
different factors such as Br- and I- concentrations, ratios of Br-/I- (Allard et al., 2015; Jones 
et al., 2012a), Br-/DOC (Jones et al., 2012a), and I-/DOC (Jones et al., 2012a), organic 
matter characteristics (SUVA254 as an indicator) (Allard et al., 2015; Jones et al., 2012a), 
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oxidation strategies (i.e. with preformed chloramine or prechlorination followed by 
ammonia addition) (Jones et al., 2011), pH (Jones et al., 2012a), and concentration of 
dissolved organic matter (DOM)(Allard et al., 2015; Jones et al., 2012a). 
A DBP occurrence study conducted for 23 water treatment plants across the US and Canada 
showed that bromide (Br-) and iodide (I-) concentrations ranged from 24 to 1120 µg/L and 
0.4 to 104 µg/L, respectively (Richardson et al., 2008). It is possible that higher 
concentrations of Br- and I- concentrations can be seen in arid watersheds as well as in 
water sources where seawater intrusion occurs. The impact of such halides on I-THM 
formation (i.e. Br- and I-) have been previously reported by researchers (Allard et al., 2015; 
Jones et al., 2012a). Accordingly, they showed that the formation of I-THMs increased as 
the I- and Br- concentrations increased (Allard et al., 2015; Jones et al., 2012a). However, 
other studies reported that bromide does not alter the formation of I-THMs under 
chloramination conditions given that NH2Cl cannot oxidize Br- to HOBr (Jones et al., 2011; 
Trofe et al., 1980). Previous I-THM studies, conducted with preformed chloramine, have 
also demonstrated that higher formation of I-THMs was observed in low SUVA254 (low 
aromaticity) waters as compared to high SUVA254 (high aromaticity) waters (Allard et al., 
2015; Jones et al., 2011, 2012a; Karanfil et al., 2011). In cases where prechlorination is 
applied instead of preformed chloramine, the formation of I-THMs was reduced due to 
conversion of I- to IO3- (Allard et al., 2015; Criquet et al., 2012; Ioannou et al., 2016; Jones 
et al., 2011, 2012a). The presence of Br- under prechlorination conditions is also known to 
lead to the formation of mixed Cl/Br/I-THMs (Allard et al., 2015; Jones et al., 2011). In 
addition, while in some studies the formation of I-THMs was enhanced at high pH 
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conditions (Hua and Reckhow, 2008b), their formation in other studies decreased as the 
pH increased, which may be due to enhanced decomposition of monochloramine (Hua and 
Reckhow, 2008a, 2008b). Jones et al. (2012a) investigated the formation of I-THMs under 
constant Br-/I- concentrations (i.e., 100/10, 200/20, and 800/80), varying DOC 
concentrations (i.e., 6.0 mg/L vs 1.7 mg/L), and different pH conditions (i.e., 6, 7.5, and 
9). The results suggested that decreasing DOC concentration decreased the formation of I-
THMs at pH 6; however, the opposite was true at higher pH conditions at the 800/80 (Br-
/I-) ratio (Jones et al., 2012a). In another study, Allard et al. (2015a) conducted a study with 
fulvic acid isolates and reported that I-THM formation increased as the DOC concentration 
decreased from 4.0 mg/L to 1.0 mg/L at pH 8.0 (Allard et al., 2015). 
Although the current literature includes some information regarding the factors affecting 
formation of iodinated THMs and their toxicity. It is crucial to understand their formation 
and toxicities under realistic water treatment conditions. Therefore, the main goal of this 
study was to understand the effect of (i) DOC concentration, (ii) natural organic matter 
type (NOM), (iii) bromide and iodide dose, and (iv) oxidant dose on the formation, 
speciation, and toxicity of Cl/I-THMs under chloramination conditions. Lastly, 
cytotoxicity and genotoxicity evaluations of the samples were also made for the selected 
conditions. 
Material and Methods 
Water Samples 
 Treated and raw water samples were collected from a drinking water treatment 
plant located in South Carolina (SC), USA. The SUVA254 (specific ultraviolet absorbance) 
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values, which are used as surrogate parameters for hydrophobicity and aromaticity of 
DOM, were 2.1 vs 5.1 L/mg/m in the treated and raw waters, respectively.  
 Treated samples were collected before the oxidant addition. Upon arrival at the 
laboratory, samples were filtered through 0.2 µm pore size Whatman® Polycap 150 TC 
filters, and kept in the dark at 4 °C until the experiments were conducted. Water 
characteristics, including ultraviolet absorbance at 254 nm (UV254), dissolved organic 
carbon (DOC), dissolved organic nitrigen (DON), specific ultraviolet absorbance at 254 
nm (SUVA), bromide (Br-), and pH were measured for source waters (Table 8.1.) 
Table 8.1. Selected Characteristics of Studied Water Sources 
*Sample was diluted to stay in the absorbance value of the instrument. 
Experimental Design 
Prior to the experiments, the samples were diluted to targeted DOC (total organic 
carbon) levels (i.e., 0.1, 0.25, 0.5, 1, 2, 4 mg/L), by diluting the samples with distilled 
deionized water (DDI), and divided into 250 ml amber glass bottles. The pH of the samples 
was adjusted with 20 mM phosphate buffer to pH 7.5. Then, bottles were spiked with 
appropriate amounts of Br- and I- solutions to achieve the target Br- (ambient and 400 µg/L) 
and I- (40, 100, 200, 400 µg/L) levels. Chloramine stock solution (500 mg/L as Cl2) was 
prepared by titrating ammonium sulfate stock solution (1000 mg/L) with sodium 
Plants Type Code UV254     (cm-1) 
DOC 
(mg/L) 
DON 
(mg/L) 
SUVA254 
(L/mg/m) 
Br - 
(µg/L) pH 
Myrtle Beach Treated MB-T 0.124 5.9 0.32 2.1 49 6.54 
Myrtle Beach* Raw MB-R 1.273 25 0.85 5.1 50 6.87 
  127 
hypochlorite solution (5% available free chlorine) (1000 mg/L) at a Cl2:N mass ratio of 
3.5:1 at pH 7.8, and was spiked into the samples with a target initial concentration of 2.3 
mg Cl2/L (32 µM). After 24 h of reaction time, samples were withdrawn and analyzed for 
residual chloramine according to DPD colorimetric method (SM 4500-Cl G). Residual 
chloramine was quenched with a stoichiometric amount of Na2SO3. Afterward samples 
were analyzed for THMs, I-THMs, HANs, and TOX (TOCl-TOBr-TOI). 
Chinese Hamster Ovary Cell (CHO) Test 
These tests were conducted by Dr. Plewa’s research group at the University of 
Illinois Urbana-Champaign. CHO cells, line AS52 clone 11-4-8, were used for the 
mammalian cell cytotoxicity analyses of the samples. Clone 11-4-8 expresses a stable 
chromosome complement and was calibrated for cytotoxicity and genotoxicity with a series 
of different toxic agents (Wagner et al., 1998a, 1998b). The CHO cells were maintained in 
Ham’s F12 +5% fetal bovine serum (FBS) medium at 37°C in a humidified atmosphere of 
5% CO2.  
CHO Cell Chronic Cytotoxicity Assay Test 
	 The CHO cell microplate chronic cytotoxicity assay measures the reduction in cell 
density as a function of the concentration of the test agent during a 72 h exposure period 
(Plewa et al., 2002; Plewa and Wagner, 2009). The general protocol involves the use of a 
96- well flat-bottomed microplate to evaluate a series of concentrations of the organic 
extracts of the water samples. For this analysis, one column of eight microplate wells 
served as the blank control consisting of 200 µL of F12 + 5% FBS medium only. The 
concurrent negative control column consisted of wells with 3×103 CHO cells plus F12 
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+FBS medium. The remaining wells within the experiment contained 3×103 CHO cells, 
F12 +FBS and a known volume of the water samples for a total of 200 µL.  
The wells were covered with a sheet of sterile Alumna Seal™ to prevent volatile cross 
contamination of adjacent wells. The microplate was placed on a rocking platform at 37°C 
for two 5 min-periods (turning the plate 90° after the first 5 min). This step is important to 
ensure an even distribution of cells across the bottom of the microplate wells. The cells 
were incubated for 72 h at 37°C under 5% CO2. After the treatment time, the medium from 
each well was aspirated, the cells fixed in methanol for 10 min and stained for 10 min with 
a 1% crystal violet solution in 50% methanol. The microplate was washed and patted dry, 
and 50 µL of DMSO/methanol (3:1 v/v) was added to each well; the plate was incubated 
at room temperature for 10 min. The microplate was analyzed at 595 nm with a 
SpectraMax™ microplate reader; the absorbency of each well was recorded and stored on 
a spreadsheet file (Figure D-2 in Appendix D). 
The data were used to generate a concentration-response curve for each water sample. 
Regression analysis was applied to each water sample concentration-response curve, which 
was used to calculate the LC50. The LC50 is the calculated concentration of the test agent 
that induced a cell density that was 50% of the negative control. 
CHO Single Cell Acute Genomic DNA Damage Analyses 
 Single cell gel electrophoresis (SCGE) is a molecular genetic assay that can 
quantitatively measure the level of genomic DNA damage induced in individual nuclei of 
cells (Fairbairn et al., 1995; Rundell et al., 2003; Tice et al., 2000; Wagner and Plewa, 
2009). 
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A flow diagram of the SCGE procedure is presented in Figure D-3 (Appendix D). The day 
before treatment, 4×104 CHO cells were added to each micro-plate well in 200 µL of F12 
medium + 5% fetal bovine serum (FBS) and incubated. The next day the cells were washed 
with Hank’s balanced salt solution (HBSS) and treated with a series of concentrations of a 
XAD2/8 water sample concentrate in F12 medium without FBS in a total volume of 25 µL 
for 4 h at 37°C, 5% CO2. 
For each experiment, two microgels were prepared per treatment group. Twenty-
five randomly chosen nuclei were analyzed in each microgel using a charged coupled 
device camera. A computerized image analysis system (Comet IV, Perspective 
Instruments, Ltd, Suffolk, UK) was employed to determine the %Tail DNA (the amount of 
DNA that migrated from the nucleus into the microgel) of the nuclei as the measure of 
DNA damage (Kumaravel and Jha, 2006). The digitalized data (Figure D-4 in Appendix 
D) were automatically transferred to a computer-based spreadsheet for subsequent 
statistical analysis. In general, the experiments were repeated 2-3 times for each water 
sample concentrate. 
Results and discussion 
Effect of DOC concentration 
Figure 8.1 shows the effect of the concentration of dissolved organic matter on the 
formation and speciation of Cl/I-THMs. The results suggest that, at the low iodide 
concentration (40 µg/L), when the DOC concentration increased from 0.1 to 0.25 mg/L, 
there was an increase in the total formation of I-THMs. This can be ascribed to the limited 
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available sites at 0.1 mg/L DOC concentration as compared to the higher DOC 
concentration (0.25 mg/L). As shown in Figure 8.1-a, the formation of I-THMs reached a 
maximum at the 0.25 mg/L DOC concentration. However, further increases in DOC 
concentration decreased the total I-THM formation (Figure 8.1-a) (Allard et al., 2015; 
Jones et al., 2012b).  
 
Figure 8.1. Effect of DOC concentration on the formation and speciation of I-THMs. 
Experimental conditions: MB-T, [SUVA254] = 2.1 L/mg/m, [NH2Cl]0 = 2.3 mg/L, (a) [I-]0 
= 40 µg/L, (b) [I-]0 = 400 µg/L, [Br-]0 = Ambient, pH: 7.5, T = 21 ± 1 oC, Contact time (t) 
= 24 h. Error bars indicate the concentration range obtained from two independent samples. 
TCM was not detected at low iodide dose (Figure 8.1-a). 
 
The decreasing trend can be attributed to the decomposition of chloramine at 
increasing DOC doses (Figure D-4 in Appendix D) which resulted in production of HOCl 
that outcompeted with HOI for reactive/non-reactive sites of NOM thus decreasing the 
formation of I-THMs. On the other hand, when the I- dose was increased by 10 fold (400 
µg/L), the formation of I-THMs increased as the DOC concentration increased (Figure 8.1-
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b). Although chloramine decomposition was elevated at higher DOC doses, because of the 
high iodide concentration in the system, HOI outcompeted HOCl for NOM sites; and 
therefore, I-THM formation increased as the available sites increased and reached to a 
maximum at the 4 mg/L DOC concentration. However, a further increase in DOC 
concentration to 5.4 mg/L decreased the formation of I-THMs. Similar to the trend 
observed at the low iodide dose, this trend can also be explained by the competition of 
HOCl with HOI for NOM sites, which resulted in decreasing the formation of I-THMs.  
The speciation of I-THMs at low iodide condition was in the order of TIM > CDIM ≥ 
DCIM. When the DOC concentration increased from 0.1 to 0.25 mg/L and 0.25 to 4 mg/L, 
TIM formation increased and decreased by 17% and 80% while CDIM and DCIM 
increased and decreased by 50% and 68%, and 63% and 68%, respectively. Similarly, 
increasing and decreasing trends were also observed at high iodide concentrations, 
suggesting that the DOC concentration is an important parameter that affects the formation 
and speciation of I-THMs and thus the toxicity of the waters.  
It should be noted that, at all DOC concentrations, TIM was the dominant species, and 
while the concentration of TIM increased or decreased in response to changes in DOC 
concentrations, there was no such impact on the other I-THM species. This may relate to 
the high HOI / HOCl ratio in the system which favors the formation of TIM rather than 
mixed Cl/I- THM species (Hua et al., 2004).  
Effect of NH2Cl concentration 
Figure 8.2 shows the effect of NH2Cl dose on the formation and speciation of Cl/I-
THMs. In terms of Cl-THMs, TCM was the only species that was formed during 
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chloramination of MB-T water at the 20 mg/L dose and its concentration increased 
gradually as the DOC concentration increased. However, there was no TCM formation 
observed at 2.3 mg/L chloramination dose at all studied DOC concentrations. The observed 
TCM formation under high NH2Cl concentrations may be attributed to the availability of 
trace amounts of HOCl resulting from decomposition of chloramine.  
 
Figure 8.2. Effect of NH2Cl concentration on the formation and speciation of Cl/I-THMs. 
Experimental conditions: MB-T, [SUVA254] = 2.1 L/mg/m, pH: 7.5, [DOC]0 = (a) 0.5 
mg/L, (b) 1 mg/L, (c) 2 mg/L, (d) 4 mg/L, [I-]0 = 40 µg/L, [Br-]0 = Ambient, T = 21 ± 1 oC, 
Contact time (t) = 24 h. Error bars indicate the concentration range obtained from two 
independent samples. 
 
In addition, increasing DOC also increased the number of reactive sites that 
gradually enhanced the formation of TCM. As far as I-THMs, the results suggest that, at 
0.5 and 1 mg/L DOC concentration, increasing the chloramine dose from 2.3 to 20 mg/L 
decreased the formation of all I-THM species. This may be ascribed to the formation of 
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inorganic by-products resulting from reaction between chloramine, iodide, and bromide 
(Appendix D-1) (i.e., NH2Br, NHCll, and IO3-). At the higher DOC concentrations, DCIM 
increased with the higher chloramine concentrations; however, CDIM and TIM did not. 
Effect of DOM type 
Figure 8.3 shows the effect of DOM type on the formation and speciation of 
chlorinated and iodinated THMs after oxidation of samples with 2.3 mg/L NH2Cl. The 
results revealed that the formation of iodinated THMs was favored in the low SUVA254 
MB-T water while it was suppressed in the high SUVA254 MB-R water (Figure 8.3).  
 
Figure 8.3. Effect of DOM type on the formation and speciation of Cl/I-THMs. 
Experimental conditions: MB-T, [SUVA254] = 2.1 L/mg/m, MB-R, [SUVA254] = 5.1 
L/mg/m, [pH]: 7.5, [NH2Cl]0 = 2.3 mg/L, [DOC]0 = (a) 0.5 mg/L, (b) 1 mg/L, (c) 2 mg/L, 
(d) 4 mg/L, [I-]0 = 40 µg/L, [Br-]0 = Ambient, T = 21 ± 1 oC, Contact time (t) = 24 h. Error 
bars indicate the concentration range obtained from two independent samples. 
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The observed higher formation of I-THMs at low SUVA254 condition can be 
ascribed to higher reactivity of iodine with low SUVA254 waters, which are known to 
contain lower molecular weight compounds than high SUVA254 waters. This finding is in 
accordance with previous studies (Allard et al., 2015; Hua and Reckhow, 2007b; Jones et 
al., 2012a). Moreover, these result also suggest that not only NOM type but also DOC 
concentration can alter the formation of I-THMs (i.e. low DOC and SUVA254 resulted in 
higher formation of I-THMs as compared to high DOC and SUVA254 conditions). On the 
other hand, in contrast to I-THMs, the formation of Cl-THMs (only TCM) was observed 
when sufficient reaction sites (i.e. 2 & 4 mg C L-1) were available in the high SUVA254 
MB-R water, which can be attributed to the reaction of high aromatic sites with free 
chlorine resulting from the hydrolysis of monochloramine. The same experiments were 
also conducted with 20 mg/L NH2Cl (Figure 8.4). The results suggest that the type of DOM 
did not show any important impact on the formation of I-THMs while Cl-THM (in this 
case only TCM) were increased as the aromaticity of water increased, which may be 
ascribed to better substitution of trace amount of chlorine (as HOCl) into aromatic 
compounds. 
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Figure 8.4. Effect of DOM type on the formation and speciation of Cl/I-THMs. 
Experimental conditions: MB-T, [SUVA254] = 2.1 L/mg/m, MB-R, [SUVA254] = 5.1 
L/mg/m, [pH]: 7.5, [NH2Cl]0 = 20 mg/L, [DOC]0 = (a) 0.5 mg/L, (b) 1 mg/L, (c) 2 mg/L, 
(d) 4 mg/L, [I-]0 = 40 µg/L, [Br-]0 = Ambient, T = 21 ± 1 oC, Contact time (t) = 24 h. Error 
bars indicate the concentration range obtained from two independent samples. 
 
Effect of I- concentration 
The effect of I- dose on the formation and speciation of I-THMs was investigated 
in MB-T and MB-R waters at two different chloramine (i.e., 2.3 and 20 mg/L) and DOC 
concentrations (i.e., 0.5 and 4 mg/L), with results depicted in Figures 8.5 and 8.6. At low 
chloramine (2.3 mg/L) and DOC concentrations (i.e., 0.5 mg/L), increasing the iodide 
concentration in MB-T waters slightly increased the formation of TIM while no 
considerable change was observed for TCM, DCIM, CDIM, and TIM. When the 
background DOC level increased to 4 mg/L (Figure 8.4-b), the results revealed that DCIM 
also slightly increased in response to a change in iodide concentration. 
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Figure 8.5. Effect of I- concentration on the formation and speciation of Cl/I-THMs. 
Experimental conditions: MB-T, [SUVA254] = 2.1 L/mg/m, MB-R, [SUVA254] = 5.1 
L/mg/m, [pH]: 7.5, [NH2Cl]0 = 2.3 mg/L, [DOC]0 = MB-T; (a) 0.5 mg/L, (b) 4 mg/L, MB-
R; (c) 0.5 mg/L, (d) 4 mg/L, [Br-]0 = Ambient, T = 21 ± 1 oC, Contact time (t) = 24 h. Error 
bars indicate the concentration range obtained from two independent samples. 
 
For the MB-R water (Figure 8.4-c & d), increasing the iodide dose at two DOC 
concentrations is increased all the THM species concentrations except TCM. This can be 
attributed to the increase in iodide ion concentration in the system per reactive sites of 
NOM (higher I/DOC ratio). 
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Figure 8.6. Effect of I- concentration on the formation and speciation of Cl/I-THMs. 
Experimental conditions: MB-T & MB-R , [pH]: 7.5, [NH2Cl]0 = 20 mg/L, [DOC]0 = 0.5 
mg/L , 4 mg/L, [I-]0 = 40, 100, 200, 400 µg/L, [Br-]0 = Ambient, T = 21 ± 1 oC, Contact 
time (t) = 24 h. Error bars indicate the concentration range obtained from two independent 
samples. 
 
At high chloramine dose (20 mg/L), as the iodide dose increased from 0.32 to 3.2 
µM, Cl-THM and I-THM concentrations decreased and increased, respectively (Figure 
8.6., a-d). The decreasing trend for the formation of Cl-THM can be explained by the 
consumption of HOCl, resulting from the decomposition of chloramine, due to increasing 
iodide concentration (Figure D-5 in Appendix D).  
Effect of Br- Concentration 
The effect of bromide dose on the formation and speciation of Cl/I-THM formation 
was studied under two different chloramine concentrations (Figures 8.7 and 8.8.). The 
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results indicated that none of the brominated and/or chloro-bromo I-THMs formed 
regardless of the bromide concentrations (i.e., 0 and 400 µg/L) under both studied 
chloramine concentrations (i.e., 2.3 and 20 mg/L). The increasing bromide concentration 
did not considerably impact the total formation of I-THMs. Similar results were also 
reported by other researchers when the samples were treated with preformed chloramine 
under varying DOC and bromide concentrations (Allard et al., 2015; Criquet et al., 2012). 
 
Figure 8.7. Effect of Br- concentration on the formation and speciation of Cl/I-THMs. 
Experimental conditions: MB-T, [pH]: 7.5, [NH2Cl]0 = 2.3 mg/L, [DOC]0 = (a) 0.5 mg/L, 
(b) 1 mg/L, (c) 2 mg/L, (d) 4 mg/L, [I-]0 = 40 µg/L, T = 21 ± 1 oC, Contact time (t) = 24 h. 
Error bars indicate the concentration range obtained from two independent samples. 
 
In my study, the dominant I-THM species at low and high bromide doses were 
CDIM, DCIM, and TIM. When iodide and bromide containing waters were oxidized with 
chloramine, anions and organic matter will be oxidized simultaneously and results in the 
formation of halogenated/non-halogenated byproducts.  
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Figure 8.8. Effect of Br- concentration on the formation and speciation of Cl/I-THMs. 
Experimental conditions: MB-T, [pH]: 7.5, [NH2Cl]0 = 20 mg/L, [DOC]0 = (a) 0.5 mg/L, 
(b) 1 mg/L, (c) 2 mg/L, (d) 4 mg/L, [I-]0 = 40 µg/L, T = 21 ± 1 oC, Contact time (t) = 24h. 
Error bars indicate the concentration range obtained from two independent samples. 
 
During chloramination, the formation of both halogenated and non-halogenated by-
products is mainly altered by the presence of competing ions in the system (i.e.,Br- and I-), 
type of organic matter, concentration of chloramine, and the reaction kinetics. The results 
also suggest that increasing bromide concentration from zero to 400 µg/L did not make any 
important impact on the formation of chlorinated THMs. Other researchers have also found 
that, for a constant iodide dose of 50 µg/L, increasing the initial bromide concentration did 
not significantly impact the total formation of I-THMs under preformed chloramination 
conditions (Allard et al., 2015; Criquet et al., 2012). 
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Cytotoxicity Evaluations with Measured and Calculated Values 
Figure 8.9 shows the CHO cell chronic cytotoxicity results for the MB-T water 
under varying DOC concentrations. The hypothesis was that altering the DOC of the 
sample while keeping the I⁻ concentration at 400 µg/L would alter the comparative 
mammalian cell cytotoxicity. The null hypothesis was that the altered DOC of the water 
samples would have no effect on toxicity. It has been known that the oxidation of water 
sources containing iodide with chloramine will lead to the formation of I-DBPs rather than 
their brominated and chlorinated analogues. 
 
Figure 8.9. Measured CHO cell chronic cytotoxicity values. Experimental conditions: 
MB-T, [NH2Cl]0 = 2.3 mg/L, [I-]0 = 400 µg/L, [Br-]0 = Ambient, [pH]: 7.5, T = 21 ± 1 oC, 
Contact time (t) = 24h. Error bars indicate the concentration range obtained from 14 
replicates of each water sample concentrate. 
 
Since the I- DBPs tend to be more toxic than the other DBPs, the toxicity of the 
water sample should increase with the increased dissolved organic carbon that serves as a 
precursor to iodo-DBP formation (Plewa and Wagner, 2009; Plewa et al., 2004b). Overall, 
the results suggested that there is an increased level of mammalian cell cytotoxicity as a 
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function of DOC in the water samples, and therefore, the null hypothesis was rejected. For 
the same experimental conditions, cytotoxicity of the waters was calculated by using 
cytotoxicity index values obtained from previous literature assuming the cyto-toxicity of 
each DBP is additive (Richardson et al., 2008). The results are given in Figure 8.10.  
 
Figure 8.10. Calculated CHO cell chronic cytotoxicity index values. Experimental 
conditions: MB-T, [NH2Cl]0 = 2.3 mg/L, [I-]0 = 400 µg/L, [Br-]0 = Ambient, [pH]: 7.5, T = 
21 ± 1 oC, Contact time (t) = 24 h. 
 
The calculated cytotoxicity followed the same trend as TIM formation, which 
increased up to 4 mg/L DOC, but decreased at 5.4 mg/L DOC. The comparison of 
calculated and measured cytotoxicity values suggest that the calculated values do not 
always represent the measured cytotoxicity data. This can be attributed to under or over 
estimation of the cytotoxicity index values due to formation of unknown DBPs under 
different water treatment conditions. 
The concentrations of total known (i.e., TOCl, TOI, TOX) and unknown (i.e., 
UTOCl, UTOI, UTOX) organic halides were also measured (Figure 8.11) and the results 
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were correlated with the measured cytotoxicity index values (Figure D-6 in Appendix D). 
The results suggest that the cytotoxicity of waters are mostly controlled by unknown and/or 
unregulated DBPs rather than regulated and known DBPs species.  
 
Figure 8.11. The effect of DOC concentration on the formation of known and unknown 
TOCl, TOI, and TOX. Experimental conditions: MB-T, [pH]: 7.5, [NH2Cl]0 = 2.3 mg/L, 
[I-]0 = 400 µg/L, [Br-]0 = Ambient, T = 21 ± 1 oC, Contact time (t) = 24 h. 
 
CHO Cell Acute Genomic DNA Damage Analyses 
 
Figure 8.12 shows the measured CHO acute chronic genotoxicity results for MB-T 
water under varying DOC concentrations. The working hypothesis was that altering the 
DOC of the sample while keeping the I⁻ concentration at 400 µg/L would alter the 
comparative mammalian cell genotoxicity. The results demonstrated an ascending order of 
the increased genotoxicity index (GTI) values for DOC values 0.5<< 2< 4≈5.4 mg/L. The 
measured genotoxicity index values were also correlated with measured organic halides 
and the plots are in Figure D-7 (Appendix D).  
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Figure 8.12. Measured CHO cell acute genotoxicity index values. Experimental 
conditions: MB-T, [NH2Cl]0 = 2.3 mg/L, [I-]0 = 400 µg/L, [Br-]0 = Ambient, [pH]: 7.5, T = 
21 ± 1 oC, Contact time (t) = 24h. Error bars indicate the concentration range obtained from 
the analysis of each water sample concentrate for 2-3 times . 
 
Similar to the cytotoxicity results, it is clear that the genotoxicity of the samples 
was mostly controlled by unknown organic halides when chloramination was applied to 
the finished waters. Although, an opposite conclusion was found in another study where 
cytotoxicity and genotoxicity of disinfected drinking waters were found to highly correlate 
with known organic halides with an exception of TOCl under chlorination and 
chloramination conditions. (Yang et al., 2014)  
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Conclusions 
• Increasing the DOC concentration decreased the ratio of I-/DOC, and thus 
decreased the total concentration of I-THMs. Among the species, iodoform is the 
species most influenced by the ratio of I-/DOC. 
• Low SUVA254 waters had higher formation of I-THMs than high SUVA254 waters. 
• Increasing iodide concentration, increased the formation of I-THMs while DCIM 
and CDIM concentrations were not changed significantly. 
• None of the brominated and/or chloro-bromo I-THMs were formed regardless of 
the bromide concentrations (i.e., ambient and 400 µg/L).  
• Increasing the chloramine dose from 2.3 to 20 mg/L decreased the formation of I-
THMs while increased the formation of chlorinated THMs (i.e., chloroform). 
• Calculated cyto-toxicity index values followed the same trend with iodoform 
formation while measured toxicity increased as the DOC concentration increased. 
• Unknown TOX showed a higher correlation with measured cyto- and geno-toxicity 
while known TOX did not. 
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 CHAPTER NINE 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
The main objectives of this dissertation were to i) investigate the control of NDMA 
and HNM precursors during nanofiltration and the effect of water chemistry on precursor 
control, and ii) evaluate the formation and control of halogenated DBPs, especially 
brominated and iodinated species of HAAs, I-THMs and HANs, examined under different 
water chemistry composition to gain insights to their formation and control. 
The overall conclusions of this dissertation are given below: 
Virgin Nanofiltration membranes leaches significant amount of NDMA precursors; 
however, precursor leach from the membranes were deactivated by washing the 
membranes with 1 mg/L of chlorine exposed DDI water. 
NDMA precursor removals by NF membranes were affected by the average 
molecular weight cut off and surface charge of the membranes while THM precursors 
slightly affected. Change in background water characteristics (i.e., pH, ionic strength, Ca+2) 
slightly affected the removal patters of NDMA and THM precursors but no significant 
effect was observed for HNM precursors. Nanofiltration membranes have shown to be 
relatively stable (10-15% variability) in removing NDMA, THM, and HNM precursors.  
The formation of Cl/Br-DBPs and bromine substitution in organic matters have 
shown to be controlled by the type of NOM such that high SUVA254 waters had low BSF, 
while low SUVA254 waters had high BSF. In addition, increasing pH, increased the BSF in 
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THM, THAA, and DHAN. Increasing Cl2 concentration, decreased the BSF for HAAs and 
HANs, and did not change BSF THMs. As the contact time increased, the BSF in all DBPs 
decreased. In high SUVA waters, the formation of unknown TOCl and TOBr decreased. 
The formation of I-THMs have shown to be affected by the initial concentration of 
DOC and iodide. In addition, SUVA254 has also impacted the formation of I-THMs, where 
low SUVA254 waters had high formation of I-THMs, high SUVA waters had low 
formation. Increasing bromide dose did not alter the removal of I-THMs, none of the 
chloro-brominated or brominated I-THMs were formed. Cyto- and geno-toxicity of the 
waters have shown to be affected by DOC concentration in the system. 
Other important conclusions or observations from this dissertation are also given 
along with their specific sub-objectives as below: 
 Phase 1: Examine (i) the potential leaching of N-nitrosodimethylamine (NDMA) 
precursors from different types of NF membranes and ii) membrane cleaning techniques 
to minimize leaching. 
• Regardless of the membrane type, high concentrations (180 - 425 ng/L) of 
NDMAFPs were observed in the permeate after passing the DDI water. 
• Overnight filtration of DDI, base cleaning, and acid cleaning helped reduce 
precursor leaching, but did not completely eliminated it. 
• Precursors leaching from PA membranes were successfully deactivated using 1 
mg/L chlorine wash, which significantly decreased the amount of NDMA 
formation in the permeate. 
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Phase 2: Examine (i) the removal of selected unregulated (i.e., NDMA and HNMs) and 
regulated THM precursors by NF membranes from different source waters, (ii) the 
impact of membrane type on the removal of DBP precursors, and (iii) the effects of 
background water components (pH, ionic strength, and Ca2+) on the removal of DBP 
precursors from different source waters (i.e. municipal and industrial wastewater 
treatment plant effluents) by NF membrane. 
• The removal of NDMA precursors decreased with increasing average molecular 
weight cut off and negative surface charge of the NF membranes, while the removal 
of THM precursors (i.e., NOM) was slightly affected by the membrane 
characteristics. 
• Among the studied waters, THM precursor removals were always higher than those 
of NDMA and HNM precursors. The overall precursor removal efficiencies ranged 
between 57-83%, 48-87%, and 72-97% for NDMA, HNM, and THM precursors, 
respectively. 
• The removal of NDMA precursors under varying Ca2+ and pH conditions were 
shown to be water specific: increase in background Ca2+ and pH increased the 
removal of NDMA precursors from a municipal wastewater effluent, while little or 
no effect was observed for a industrial wastewater effluent.  
• Regardless of the background water characteristics and membrane type, change in 
ionic strength did not show any impact on the removal of all the DBPs investigated 
in this study. 
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• Although there were differences in the removal of source waters under varying 
background water characteristics, which affected flux levels, the variability of 
removal efficiencies remained within ~10-15%. This suggests relatively stable 
performance of NF membranes for precursor removal under varying background 
conditions.  
Phase 3: Investigate the effect of DOM type and initial concentrations of bromide and 
chlorine, pH, and reaction time on the formation, speciation and bromine substitution 
in THMs, HAAs, and HANs during chlorination. 
• Only chlorinated and brominated DBPs were formed, while I-DBPs were not 
detected in this study (iodide concentration = 50 µg/L) due to the oxidation of I- to 
iodate. 
• The nature of the DOM plays a noticeable role in the formation and bromine 
substitution of DBPs. The formation of total THMs and HAAs increased as the 
aromaticity of the DOM increased, whereas the formation of HANs was not 
affected by aromaticity of DOM. While high SUVA254 sources had low bromine 
substitution, low SUVA254 sources had high bromine substitution. 
• The formation of THMs increased with increasing initial Br- concentration. 
Increasing the initial Br- concentration up to 10 µM (800 µg/L) did not affect the 
HAA9. HAA5 formation decreased while shifting speciation to brominated 
unregulated HAAs, indicating that utilities may comply with the regulations due to 
the formation of unregulated brominated analogues, therefore, are not taken into 
consideration.  
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• When pH increased from 6.0 to 9.0, THM were enhanced while an opposite trend 
was observed for HAAs and HANs.  
• Bromine substitution in THMs, DHAAs, THAAs, and DHANs generally increased 
as the pH increased from 6.0 to 9.0. 
• While increasing initial chlorine concentration increased the formation of THMs 
and HAAs, the formation of HANs decreased at high chlorine dose (16 mg/L). On 
the other hand, bromine substitution decreased for HAAs and HANs while no 
change was observed for THMs. 
• The formation of unknown TOCl and TOBr decreased as the SUVA254 of the waters 
increased.  
Phase 4: Examine the effects of (i) dissolved organic carbon (DOC) concentration, (ii) 
natural organic matter (NOM) type, (iii) halides (i.e., Br- and I-), and (iv) oxidant dose 
(NH2Cl) on the formation, speciation and toxicity of THM4 and I-THMs from preformed 
chloramine. Evaluate the toxicity of waters using measured (by using Chinese Hamster 
Ovary cells) and calculated (by using individual toxicity indexes from the literature) 
cytotoxicity values. 
• Increasing the DOC concentration decreased the ratio of I-/DOC, and thus 
decreased the total concentration of I-THMs. Among the all species, iodoform was 
the dominant and most influenced species by the ratio of I-/DOC. 
• Low SUVA254 waters had higher formation of I-THMs, than high SUVA254 waters. 
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• Increasing iodide concentration, increased the formation of I-THMs, while DCIM 
and CDIM concentrations did not change significantly in response to changing in 
iodide concentration. 
• None of the brominated and/or chloro-bromo I-THMs were formed regardless of 
the bromide concentrations (i.e., ambient and 400 µg/L).  
• Increasing the chloramine dose from 2.3 to 20 mg/L decreased the formation of I-
THMs, while increasing the formation of chlorinated THMs (i.e., chloroform). 
• Calculated cyto-toxicity index values followed the same trend with iodoform 
formation while measured toxicity increased as the DOC concentration increased 
to 5.4 mg/L. 
Recommendations for Practical Applications 
• Since nanofiltration membranes are susceptible to leaching NDMA precursors, 
utilities should pre-wash their filters with a low dose of chlorine before placing 
them in operation. Alternatively, utilities may also try to modify their oxidation 
strategies such that chlorine can be used instead of preformed chloramine as a post 
disinfectant which will reduce the formation of NDMA in the distribution system. 
• Nanofiltration can be used as an alternative to conventional treatment techniques 
for effective DBP precursors removal.  
• When Br- and I- are present in source waters and/or desalinated waters are to be 
blended with surface waters, the formation and speciation of brominated and 
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iodinated DBPs should be monitored to evaluate an risk assessment of finished 
water on consumers. 
• In cases, where preformed chloramine is used as a disinfectant and iodide 
concentrations is high in the source waters, utilities should pay attention to I-THM 
formation while removing DOC from their sources. Different oxidants or pre-
oxidation strategies can be used to control the formation of I-THMs in finished 
waters.  
Recommendations for Future Research 
• Additional nanofiltration membranes can be evaluated for their precursor leaching 
potentials along with effective cleaning methods.  
• The source of precursor materials in the membranes can be investigated, and if 
applicable, it can be substituted with other environmental friendly chemicals which will 
not lead the formation of carcinogenic disinfection by-products. 
• The surface functionalities (i.e. charge, hydrophilicity and hydrophobicity, etc.) of 
nanofiltration membranes can be modified to maximize the removal of small size and 
charged DBP precursors. 
• The formation, speciation and toxicity of brominated/iodinated DBPs can be 
investigated for organic matter of different origins (i.e. algal organic matter and effluent 
organic matter) under chlorination and chloramination conditions. 
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• A multiple regression analysis should be conducted to establish a model to predict the 
cytotoxicity/genotoxicity of bromide and iodide containing surface waters upon 
chlorination and chloramination.  
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Appendix A 
 
 
 
 
 
Adapted from Ladner et al., 2010  
 
Figure A-1: Schematic diagram of membrane cell unit. 
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Figure A-2: Wetting of TS80 membrane overnight in a glass jar. 
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Figure A-3: ATR-FTIR spectrum of virgin and chlorine exposed polyamide membrane. 
 
ATR-FTIR analyses were performed on a Thermo Nicolet 6700 FTIR with a single 
bounce diamond Smart iTR cell. Virgin TS80 membrane displayed a peak at 3370 cm-1 
due to N-H stretching, a peak at 1630 cm-1 due to an aromatic ring stretching and a peak at 
1540 cm-1 due to in-plane N-H bending (amide II peak) and these remained similar in the 
case of TS80 exposed to chlorine. 
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Figure A-4: Zeta potential determination of virgin and chlorine exposed TS80 membrane. 
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Figure A-5: Flux values for chlorine exposed and DDI washed TS80 membrane. 
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Figure A-6: Comparison of salt rejection (NaCl) for chlorine exposed and DDI washed 
TS80 membrane. 
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Appendix B 
 
Table B-1: Experimental Design for Municipal WWTP  
Experiment 
Number 
 Factors Responses  
pH 
Ionic Strength 
(Molar as 
NaCl) 
Ca2+  
(mg/L) 
Membrane Type 
(Polyamide) 
NDMA 
(%) 
THM 
(%) 
HNM 
(%) 
1 6 0.005 Low TS80 80 77 86 87 50 46 
2 6 0.05 Low TS80 78 80 86 84 55 62 
3 9 0.005 Low TS80 81 84 86 87 49 55 
4 9 0.05 Low TS80 76 79 83 83 53 69 
5 6 0.005 Low NF270 52 50 73 75 63 63 
6 6 0.05 Low NF270 49 53 70 74 68 61 
7 9 0.005 Low NF270 59 57 77 83 61 74 
8 9 0.05 Low NF270 54 57 78 81 66 66 
9 6 0.005 Low ESNA 57 56 87 86 83 90 
10 6 0.05 Low ESNA 53 58 86 89 92 92 
11 9 0.005 Low ESNA 66 59 90 91 88 88 
12 9 0.05 Low ESNA 54 65 87 89 89 92 
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 Table B-2: Experimental Design for Municipal WWTP  
 
Experiment Number 
Factors Responses 
pH Ionic Strength (Molar as NaCl) 
Ca2+ 
(mg/L) 
NDMA 
(%) 
THM 
(%) 
HNM 
(%) 
1 6 0.005 High 70 70 90 90 57 57 
2 9 0.005 High 73 76 86 87 52 54 
3 6 0.05 High 69 71 90 89 62 57 
4 9 0.05 High 75 74 88 89 62 57 
5 6 0.005 Low 74 77 92 92 56 49 
6 9 0.005 Low 76 79 93 93 64 63 
7 6 0.05 Low 72 79 92 92 53 58 
8 9 0.05 Low 76 79 91 89 55 53 
 
Table B-3: Experimental Design for Industrial WWTP  
Experiment Number 
Factors Responses  
pH Ionic Strength (Molar as NaCl) 
Ca2+ 
(mg/L) 
NDMA 
(%) 
THM 
(%) 
HNM 
(%) 
1 6 0.005 High 59 67 95 95 94 95 
2 9 0.005 High 66 59 98 98 95 95 
3 6 0.05 High 58 67 94 95 95 95 
4 9 0.05 High 57 66 97 97 94 95 
5 6 0.005 Low 60 59 97 98 93 93 
6 9 0.005 Low 63 58 96 96 96 96 
7 6 0.05 Low 61 58 97 97 94 94 
8 9 0.05 Low 59 61 97 96 95 95 
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Figure B-4: Municipal WWTP effluent normalized flux curves under different water 
chemistry conditions for TS80 membrane. 
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Figure B-5: Industrial WWTP effluent normalized flux curves under different water 
chemistry conditions for TS80 membrane. 
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Figure B-6: Municipal WWTP effluent normalized flux curves under different water 
chemistry conditions for different NF membranes. 
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Appendix C 
 
 
Figure C-1: The correlation of SUVA254 with (a) THM and (b) HAA under different initial 
bromide concentration. Experimental conditions: [I-]0 : 0.4 µM, [Br-]0: (a) 0.5 µM, (b) 2.5 
µM, (c) 5 µM, (d) 10 µM, [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L , pH: 7.5, T = 21 ± 1 oC, 
Contact time (t) = 24 h. 
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Figure C-2: Effect of DOM type on mole fraction of HAAs into mono-, di-, and tri-
halogenated species at four different initial bromide concentrations. Experimental 
conditions: [I-]0 : 0.4 µM, [Br-]0: (a) 0.5 µM, (b) 2.5 µM, (c) 5 µM, (d) 10µM, [HOCl]0= 4 
mg/L, [DOC]0= 2 mg/L, pH: 7.5, T = 21 ± 1 oC, Contact time (t) = 24 h. 
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Figure C-3: Effect of DOM type on distribution of HAA into mono-, di-, and tri-
halogenated species at four different initial bromide concentrations. Experimental 
conditions: [I-]0 : 0.4 µM, [Br-]0: (a) 0.5 µM, (b) 2.5 µM, (c) 5 µM, (d) 10 µM, [HOCl]0= 
4 mg/L, [DOC]0= 2 mg/L, pH: 7.5, T = 21 ± 1 oC, Contact time (t) = 24 h. 
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Figure C-4: Plot of bromide dose versus HAA5/HAA9 for different types of waters. 
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Figure C-5: Effect of DOM type on HAN formation at four different initial bromide 
concentrations. Experimental conditions: [I-]0= 0.4 µM, [HOCl]0= 4 mg/L, [DOC]0= 2 
mg/L , pH = 7.5, T = 21 ± 1 oC, Contact time = 24 h. 
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Figure C-6: The correlation between SUVA254 and TOX concentrations under varying 
initial bromide concentrations. Experimental conditions: [I-]0 : 0.4 µM, [HOCl]0= 4 mg/L, 
[DOC]0= 2 mg/L , pH: 7.5, T = 21 ± 1 oC, Contact time = 24 h. 
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Figure C-7: Effect of DOM type on UTOX/TOX ratio at four different initial bromide 
concentrations. Experimental conditions: [I-]0 : 0.4 µM, [Br-]0: (a) 0.5 µM, (b) 2.5 µM, (c) 
5 µM, (d) 10 µM, [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L , pH: 7.5, T = 21 ± 1 oC, Contact 
time = 24 h. 
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Figure C-8: The correlation between SUVA254 and UTOX concentrations under varying 
initial bromide concentrations. Experimental conditions: [I-]0 : 0.4 µM, [Br-]0: 0.5 µM, 2.5 
µM, 5 µM, 10 µM, [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L , pH: 7.5, T = 21 ± 1 oC, Contact 
time = 24 h. 
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Figure C-9: The correlation of SUVA254 with chlorine consumption under different initial 
bromide concentrations. Experimental conditions: [I-]0 : 0.4 µM, [HOCl]0= 4 mg/L, 
[DOC]0= 2 mg/L, pH: 7.5, T = 21 ± 1 oC, Contact time (t) = 24 h. 
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Figure C-10: The correlation of SUVA254 with (a) BSFTHM4, (b) BSFTHAA, (c) BSFDHAA, 
and (d) BSFDHAN under different initial bromide concentrations. Experimental conditions: 
[I-]0 : 0.4 µM, [Br-]0: (a) 0.5 µM, (b) 2.5 µM, (c) 5 µM, (d) 10 µM, [HOCl]0= 4 mg/L, 
[DOC]0= 2 mg/L , pH: 7.5, T = 21 ± 1 oC, Contact time (t) = 24 h. 
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Figure C-11: Effect of pH on THM formation and speciation. Experimental conditions: 
MB-T, [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L, [I-]0 : 0.4 µM, T = 21 ± 1 oC, Contact time (t) 
= 24 h. 
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Figure C-12: Effect of pH on mono-/di-/tri halogenated HAA formation. Experimental 
conditions: MB-T, [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L, [I-]0 = 0.4 µM, T = 21 ± 1 oC, 
Contact time (t) = 24 h. 
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Figure C-13: Effect of pH on HAA formation and speciation. Experimental conditions: 
CH-T, [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L, [I-]0 : 0.4 µM, T = 21 ± 1 oC, Contact time (t) 
= 24 h. 
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Figure C-14: Effect of pH on HAA formation and speciation. Experimental conditions: 
MB-T, [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L, [I-]0 : 0.4 µM, T = 21 ± 1 oC, Contact time (t) 
= 24 h. 
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Figure C-15: Effect of pH on HAN formation and speciation. Experimental conditions: 
MB-T, [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L, [I-]0 : 0.4 µM, T = 21 ± 1 oC, Contact time (t) 
= 24 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  180 
 
 
Figure C-16: Effect of Cl2 concentration on BSFTHMs, THAAs, DHAAs, and DHANs. Experimental 
conditions: CH-T, pH = 7.5, [DOC]0= 2 mg/L, [I-]0 : 0.4 µM, [Br-]0: 2.5 µM, T = 21 ± 1 
oC, Contact time (t) = 24 h. 
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Figure C-17: Chlorine residuals after different holding times. Experimental conditions: 
CH-T, pH= 7.5, [HOCl]0= 4 mg/L, [DOC]0= 2 mg/L, [I-]0: 0.4 µM, [Br-]0: 2.5 µM, T = 21 
± 1 oC. 
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Figure C-18: Molar ratio of total DBP formation to Chlorine consumption. Experimental 
conditions : CH-T, pH = 7.5, [HOCl]0= 4 mg/L , [DOC]0= 2 mg/L, [I-]0: 0.4 µM, [Br-]0: 2.5 
µM, T = 21 ± 1 oC. 
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Appendix D 
Table D-1: Reactions and Rate Constants During Chloramination 
 
No. Reactions Rate Constants (k) (M-1s-1) References 
1 NH#Cl +	H( + I* + H#O	 ⇌ HOI + Cl* + NH-( 2.4E+10 (Bichsel and Von Gunten, 1999) 
2 NH#Cl + H#O	 ⇌ HOCl + NH. 3E-05  (Zhang et al., 2000) 
3 HOCl +	 I* 	⇌ HOI +	Cl* 4.30E+08 (Deborde and von Gunten, 2008) 
4 HOCl +	Br* 	⇌ HOBr +	Cl* 1.4E+02 (Deborde and von Gunten, 2008) 
5 NH#Cl +	Br* 	→ 	NH#Br +	Cl* 1.4E-02 (Zhai et al., 2014) 
6 HOCl + NOM345 	⟹ Cl* + nonhalogen	pro 20 (Zhu and Zhang, 2016) 
7 NH#Cl +	HOI IO* → NHCll +	H#O OH* 2.0E+03 (Zhu and Zhang, 2016) 
8 HOCl/OCl* +	 I* 	⇌ HOI/IO* +	Cl* 1.3 x 107 (Deborde and von Gunten, 2008) 
9 HOCl/OCl* +	 IO#* 	⇌ IO.* +	Cl*(+2H() 48 (Bichsel and Von Gunten, 1999) 
10 HOBr +	I* 	⇌ HOI +	Br* 5.00E+09 (Troy and Margerum, 1991) 
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CHO Cell Chronic Cytotoxicity Assay 
 
A flow diagram of the chronic cytotoxicity assay is presented in Figure D-2. This assay 
was calibrated and there was a direct relationship between the absorbency of the crystal 
violet dye associated with cell density and the number of viable cells (Plewa et al., 2002). 
The averaged absorbency of the blank wells was subtracted from the absorbency data from 
each microplate well. The mean blank-corrected absorbency value of the negative control 
was set at 100%.  
 
Figure D-2: Flow diagram of the CHO cell chronic cytotoxicity assay. 
The absorbency for each treatment group well was converted into a percentage of 
the negative control. This procedure normalizes the data, maintains the variance and allows 
for the combination of data from multiple microplates. The original absorbency data, the 
blank-corrected data and the conversion to the percent of the negative control values were 
saved on the spreadsheet for each water sample analyzed. The metric for the aqueous or 
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organic concentration was the concentration factor. For the water samples derived from the 
~13 L water sample, the organics were dissolved into dimethyl sulfoxide (DMSO) for a 
concentration factor of 5×104 to 1×105. This DMSO concentrate was diluted in the 
F12+FBS cell culture medium and is expressed as a concentration factor in all of the 
cytotoxicity analyses. The use of a concentration factor allows for the direct comparison 
amongst the water samples. 
 
Genomic DNA Damage CHO Cell Single Cell Gel Electrophoresis Assay  
 
 
Figure D-3: Flow diagram of the SCGE protocol employed to analyze the water samples. 
A detailed flow diagram of the SCGE protocol were given in Figure D-3. After 
incubation of cells for 16-20h, the cells were washed 2× with HBSS and harvested with 50 
µL of 0.01% trypsin + 53 µM EDTA. The trypsin was inactivated with 70 µL of F12 + 
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FBS. To measure acute cytotoxicity a 10 µL aliquot of cell suspension was mixed with 10 
µL of 0.05% trypan blue vital dye in phosphate-buffered saline (PBS) (Phillips, 1973). In 
general, SCGE data were not used if the acute cytotoxicity exceeded 30%. Prior to the 
experiment clear microscope slides were coated with a layer of 1% normal melting point 
agarose prepared with deionized water and dried overnight. After cell treatment, the cell 
suspension from each well was em- bedded in a layer of low melting point agarose prepared 
with PBS and placed upon the slides. After the microgels solidified on a tray placed over 
ice, a final layer of 0.5% low melting point agarose was placed upon the previous layers. 
The cellular membranes were removed by an overnight immersion in lysing solution (2.5 
M NaCl, 100 mM Na2EDTA, 10 mM Tris, 1% sodium sarcosinate, 1% Triton X-100, and 
10% DMSO) at 4°C. The microgels were placed in an alkaline buffer (pH 13.5) in an 
electrophoresis tank and the DNA was denatured for 20 min. The microgels were 
electrophoresed at 25 V, 300 mA (0.72 V/cm) for 40 min at 4°C. The microgels were 
removed from the tank, neutralized with Tris buffer, pH 7.5, rinsed in cold water, 
dehydrated in cold methanol, dried at 50°C and stored at room temperature in a covered 
slide box. For microscopic analysis, the microgels were hydrated in cold deionized water 
for 20-30 min and stained with 65 µL of ethidium bromide (20 µg/mL) for 3 min. The 
microgels were rinsed in cold water and were analyzed with a Zeiss fluorescence 
microscope with an excitation filter of 546/10 nm and a barrier filter of 590 nm. 
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Figure D-4: A selection of SCGE images illustrating in-creasing levels of genomic DNA 
damage as measured by %Tail DNA values. The panel with 0 %Tail DNA damage is from 
a nucleus from a negative control group. 
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Figure D-5: Effect of DOC concentration on NH2Cl decomposition. Experimental 
conditions: MB-T, [SUVA254] = 2.1 L/mg/m, pH: 7.5, [NH2Cl]0 = 2.3 mg/L, [Br-]0 = 
Ambient, T = 21 ± 1 oC, Contact time (t) = 24 h. 
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Figure D-6: Plot of measured cytotoxicity (CHO) values as a function of known and unknown TOCl, TOBr, and TOI. 
Experimental conditions: MB-T, [pH]: 7.5, [NH2Cl]0 = 2.3 mg/L, [DOC]0 = 0.5 , 2, 4, 5.4 mg/L, [I-]0 = 400 µg/L, [Br-]0 = 
Ambient, T = 21 ± 1 oC, Contact time (t) = 24 h. 
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Figure D-7: Plot of measured genotoxicity (CHO) values as a function of known and unknown TOCl, TOBr, and TOI. 
Experimental conditions: MB-T, [pH]: 7.5, [NH2Cl]0 = 2.3 mg/L, [DOC]0 = 0.5 , 2, 4, 5.4 mg/L, [I-]0 = 400 µg/L, [Br-]0 = 
Ambient, T = 21 ± 1 oC, Contact time (t) = 24 h. 
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